ok applied sciences

Acoustic Propertie
Absorbing Materials

Edited by

Edoardo Alessio Piana, Paolo Bonfiglio and Monika Rychtarikova
Printed Edition of the Special Issue Published in Applied Sciences

www.mdpi.com/journal/applsci




Acoustic Properties of Absorbing
Materials






Acoustic Properties of Absorbing
Materials

If the book has a subtitle add it here

Editors

Edoardo Alessio Piana
Paolo Bonfiglio
Monika Rychtarikova

MDPT e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

Edoardo Alessio Piana Paolo Bonfiglio Monika Rychtarikova
University of Brescia Spin-off of the University of KU Leuven
Italy Ferrara Belgium

Italy

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Applied Sciences (ISSN 2076-3417) (available at: https://www.mdpi.com/journal/applsci/special
issues/ Acoustic_Properties_Absorbing_Materials).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-4607-0 (Hbk)
ISBN 978-3-0365-4608-7 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editors . . . . . . . ... ... .. vii
Preface to ”Acoustic Properties of Absorbing Materials” . . . . . ... ... ... ... ...... ix

Edoardo Alessio Piana, Paolo Bonfiglio and Monika Rychtarikova
Acoustic Properties of Absorbing Material
Reprinted from: Applsci 2022, 12, 4446, d0i:10.3390/app12094446 . . . . . . . ... ... ... ... 1

Dengke Li, Zhongcheng Jiang, Lin Li, Xiaobo Liu, Xianfeng Wang and Mu He

Investigation of Acoustic Properties on Wideband Sound-Absorber Composed of Hollow
Perforated Spherical Structure with Extended Tubes and Porous Materials

Reprinted from: Applsci 2020, 10, 8978, d0i:10.3390/app10248978 . . . . . . . ... ... .. .. .. 5

Yaw-Shyan Tsay, Jui-Yen Lin and Faxin Ma
Development of a Panel Membrane Resonant Absorber
Reprinted from: Applsci 2021, 11, 1893, d0i:10.3390/app11041893 . . . . . .. . .. ... .. .. .. 17

Hasina Begum and Kirill V. Horoshenkov
Acoustical Properties of Fiberglass Blankets Impregnated with Silica Aerogel
Reprinted from: Applsci 2021, 11, 4593, d0i:10.3390/app11104593 . . . . . ... ... ... ... .. 31

Louena Shtrepi, Arianna Astolfi, Elena Badino, Giovanni Volpatti and Davide Zampini

More Than Just Concrete: Acoustically Efficient Porous Concrete with Different Aggregate
Shape and Gradation

Reprinted from: Applsci 2021, 11, 4835, d0i:10.3390/app11114835. . . . . . . ... ... ... ... 43

Manuela Neri, Elisa Levi, Eva Cuerva, Francesc Pardo-Bosch, Alfredo Guardo Zabaleta

and Pablo Pujadas

Sound Absorbing and Insulating Low-Cost Panels from End-of-Life Household Materials for

the Development of Vulnerable Contexts in Circular Economy Perspective

Reprinted from: Applsci 2021, 11, 5372, d0i:10.3390/app11125372. . . . . ... ... ... ... .. 63

Zihao Li, Xin Li and Bilong Liu

Optimization of Shunted Loudspeaker for Sound Absorption by Fully Exhaustive and
Backtracking Algorithm

Reprinted from: Applsci 2021, 11, 5574, d0i:10.3390/app11125574 . . . . . . . ... ... ... ... 83

Elisa Levi, Simona Sgarbi and Edoardo Alessio Piana
Acoustic Characterization of Some Steel Industry Waste Materials
Reprinted from: Applsci 2021, 11, 5924, d0i:10.3390/app11135924 . . . . . . . ... ... ... ... 97

Federica Bettarello, Andrea Gasparella and Marco Caniato

The Influence of Floor Layering on Airborne Sound Insulation and Impact Noise Reduction: A
Study on Cross Laminated Timber (CLT) Structures

Reprinted from: Applsci 2021, 11, 5938, d0i:10.3390/app11135938 . . . . . . . ... ... ... ... 117

Xin Li, Bilong Liu and Chong Qin
A Perforated Plate with Stepwise Apertures for Low Frequency Sound Absorption
Reprinted from: Applsci 2021, 11, 6180, d0i:10.3390/app11136180 . . . . . . . ... .. ... .. .. 135

Daniel Urban, N. B. Roozen, Vojtech Jandik, Marek Brothanek and Ondiej Jificek

On the Determination of Acoustic Properties of Membrane Type Structural Skin Elements by
Means of Surface Displacements

Reprinted from: Applsci 2021, 11, 10357, doi:10.3390/app112110357 . . . ... ... ... ... .. 149



Lamberto Tronchin, Angelo Farina, Antonella Bevilacqua, Francesca Merli and Pietro
Fiumana

Comparison Failure and Successful Methodologies for Diffusion Measurements Undertaken
inside Two Different Testing Rooms

Reprinted from: Applsci 2021, 11, 10523, doi:10.3390/app112210523 . . . . . ... ... ... ...

Hasina Begum and Kirill V. Horoshenkov

Correction: Begum, H.; Horoshenkov, K.V. Acoustical Properties of Fiberglass Blankets
Impregnated with Silica Aerogel. Appl. Sci. 2021, 11, 4593

Reprinted from: Applsci 2021, 11, 2834, d0i:10.3390/app12062834 . . . . . . . ... ... ... ...

vi



About the Editors

Edoardo Alessio Piana

Edoardo Alessio Piana is an associate professor at the Department of Mechanical and Industrial
Engineering (University of Brescia). He studied Mechanical Engineering at University of Brescia. He
received his Ph.D. degree in Energetics at Politecnico of Milan. During her research stays, he visited
the Mercus Wallenberg Laboratory (KTH - Stockholm) and Belgian the Laboratory for Acoustics
(KU Leuven). He founded the Laboratory for Acoustics (University of Brescia). Since 2005 he has
been active in different fields of acoustics in general and in particular: acoustic modelling and
characterisation of materials, noise from high-voltage power lines and electrical infrastructures, noise

propagation in ducts, design of innovative instrumentation for acoustic measurements.

Paolo Bonfiglio

Paolo Bonfiglio is vice president of Materiacustica srl (spin-off company of the University of
Ferrara). He got the Degree in Physics at the University of Catania in 2003 and in 2007 he received
the Ph.D. degree in Civil Engineering and the European Doctorate in Sound and Vibration Studies
(EDSVS) at the University of Ferrara. Part of the Ph.D. has been carried out at The Marcus Wallenberg
Laboratory in Stockholm (Sweden). From 2007 to 2017 has been assistant professor at the University
of Ferrara. His main research activities have been devoted to vibro-acoustics characterization of
porous materials and experimental technique for their determination, numerical modelling for the
study of acoustical radiation and noise and vibration control, active noise control in industrial and

automotive fields.

Monika Rychtdrikova

Monika Rychtérikova is a full professor at the Faculty of Architecture (KU Leuven). She studied
architecture and building constructions at the Faculty of Civil Engineering at STU Bratislava, where
she graduated, received her Ph.D. degree and become a full professor. During her research stays, she
has visited TU Wien, TU Delft, RWTH Aachen, TU Zagreb and Belgian Building Research Institute.
For more than 10 years she has been working in the Laboratory for Acoustics (KU Leuven) on
different topics related to architectural acoustics. Since 2002 she has been active in different fields
of building physics in general and building and room acoustics, environmental and virtual acoustics
and perception of sound in particular. During the years 2011-2017 she has been a chair of Technical
committee of Room and Building Acoustics of European Acoustic Association. In 2016 she has
received an award “Female Scientist of the year 2015”. Since 2017 she has been the president of

Slovak Acoustic Society.

vii






Preface to “Acoustic Properties of Absorbing
Materials”

Thanks to the progress made in materials research and to the introduction of innovative
manufacturing technologies, a wide range of sound-absorbing elements are currently available to
adjust the acoustic features of an environment. Nowadays, performance is only one of the required
specifications, together with environmental compatibility, longevity, and affordable cost. This
book collects the most recent advances in the broad-spectrum characterization of sound-absorbing
materials used in civil, industrial, and tertiary applications, by means of experimental, numerical, or

theoretical studies.

Edoardo Alessio Piana, Paolo Bonfiglio, and Monika Rychtarikova
Editors
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Overview of the Articles in This Special Issue

Thanks to the progress made in materials research and to the introduction of innova-
tive manufacturing technologies, a wide range of sound-absorbing elements are currently
available to adjust the acoustic features of an environment. Nowadays, performance is only
one of the required specifications, together with environmental compatibility, longevity, and
affordable cost. The Special Issue, “Acoustic Properties of Sound-Absorbing Materials”, col-
lected the most recent advances in the broad-spectrum characterization of sound-absorbing
materials used in civil, industrial, and tertiary applications, by means of experimental,
numerical, or theoretical studies. Among many submissions, 11 articles were accepted
and published.

The first published paper is an investigation by Dengke Li et al. [1] about the improve-
ment of the sound absorption characteristics of a porous material coupled with a spherical
structure. The aim was to improve the sound absorption of a specimen at relatively low
frequencies, without increasing its thickness and keeping a good mid- to high-frequency
sound absorption. Such behavior was obtained introducing a hollow perforated spherical
structure, featuring extended tubes in a foam. The overall thickness of the specimen was
less than 1/28 of the wavelength. Good agreements were observed between the simulated
and the experimental results. The second paper, by Yaw-Shyan Tsay et al. [2], concerns
the development of a resonant membrane panel absorber. The study focused on the im-
provement in acoustic quality parameters for auditoria, and showed how it is possible to
manufacture a prototype, which proved to be particularly effective below 800 Hz. The tests
were carried out during an experimental campaign, carried out in the Ge-Chi Hall of the
National Cheng Kung University. The third paper, authored by Hasina Begum and Kirill
Horoshenkov [3], studied the acoustical properties of fiberglass blankets impregnated with
silica aerogel. The use of aerogel with fibrous blankets allows one to improve both acoustic
absorption and thermal insulation performances. Since the mechanism influencing the
acoustic performance of aerogel-impregnated blankets is still unclear and there is a lack of
studies attempting to explain the measured absorption properties with a valid mathemati-
cal model, this paper contributed to this knowledge gap through a simulation that predicts
the measured complex acoustic reflection coefficient of aerogel blankets with different
filling ratios. The fourth contribution to the Special Issue, by Shtrepi et al. [4], is an exper-
imental characterization of the sound absorption performances of “normal weight” and
“lightweight” porous concrete aggregates. For each concrete type, three panel thicknesses
were tested. Moreover, different mounting conditions were investigated, considering the
combination of single panels in multiple layers, adding an air gap between the panel and
the backing structure, and inserting a layer of rock wool in the air gap. The results show
weighted absorption coefficients in the range of 0.30 to 0.75, depending on the thickness
and mounting conditions. In the context of recycling materials that reached their end of
life, but can still be used for other applications, Neri et al. [5] studied the sound absorption
characteristics of low-cost insulating elements made of non-conventional materials. Given
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that household materials at their end of life (EoLHM) are free of costs and available also
to the more disadvantaged population, they can be used to build acoustic panels for such
contexts. The acoustic properties of EOLHM, such as cardboard, egg cartons, clothes, metal
elements and combinations of them, are investigated by means of a four-microphones
impedance tube. The measured sound absorption coefficient and transmission loss showed
that EOLHM can be used for manufacturing acoustic panels. However, since none of the an-
alyzed materials show good absorbing and insulating properties at the same time, EOLHM
must be wisely selected. The sixth article is authored by Zihao Li et al. [6] and proposes
the application of a technique based on semi-active structure of a shunted loudspeaker
and a fully exhaustive backtracking algorithm, in order to obtain an optimized sound
absorption in a specific frequency range. In the seventh article, Levi et al. [7] investigated
the acoustic and non-acoustic properties of steelwork by-products. The inverse method
adopted in the paper is founded on the Johnson-Champoux-Allard (JCA) model and uses
a standard minimization procedure, based on the difference between the experimentally
obtained sound absorption coefficients and the absorption coefficients predicted by the
JCA model. The eighth paper, by Bettarello et al. [8], investigates the sound insulation
properties of timber floors. Such structures must be properly designed in order to meet
the requirements of indoor comfort and comply with current building regulations. This
work presents the results obtained by in-field measurements developed using different
sound sources on Cross-Laminated Timber floors (tapping machine, impact rubber ball,
and airborne dodecahedral speaker), changing different sound insulation layering con-
ditions (suspended ceiling and floating floors). The results clearly show that there is no
available analytical model able to correctly predict the acoustic performances of Cross-
Laminated Timber floors. In the ninth paper, Xin Li et al. [9] studied the low-frequency
sound absorption of a Perforated Plate with Stepwise Apertures. Such panels can match
the acoustic resistance of air and moderately increase the acoustic mass, especially at low
frequencies. Some prototypes made by 3D printing technology were tested in an impedance
tube. The measured results agree well with the predictions. The tenth paper, by Urban
et al. [10], focuses on the determination of the acoustic properties (sound absorption and
transmission coefficients) of membrane types of specimens. The characterization was made
by means of a combination of incident plane wave sound pressure and membrane sur-
face displacement information, measuring the sound pressure with a microphone and the
membrane displacement by means of a laser Doppler vibrometer. The proposed method
was compared with the conventional methods for sound transmission loss and absorption
measurements in an impedance tube, both numerically and experimentally. Subsequently,
the proposed method was tested in a laboratory environment. The last paper in the Special
Issue is authored by Lamberto Tronchin et al. [11], and compares different methodologies
that can be applied for the evaluation of the sound diffusion inside a room. This article
considers the surface-scattering effects and the diffusion phenomena related to some types
of MDF and plywood panels, tested by disposing the wells horizontally and vertically.
The test results, undertaken inside a semi-reverberant room and inside a large reverberant
room, were compared to highlight the success and the failure of the different measuring
methodologies adopted.
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Abstract: Traditional porous media such as melamine foam absorb sound due to their
three-dimensional porous struts. However, the acoustic properties at low frequencies are greatly
related to its thickness. In this paper, a novel type of thin and lightweight sound absorber composed of
melamine foam and hollow perforated spherical structure with extended tubes (HPSET) is introduced
to enhance the sound absorption performance at low frequencies. A theoretical model for the normal
absorption coefficient of the HPSET with melamine foam is established. Good agreements are
observed between the simulated and the experimental results. Compared with the virgin melamine
foam, the proposed absorber can greatly improve the low-frequency sound absorption and retain the
mid- to high-frequency sound absorption, while the thickness of the proposed absorber is less than
1/28 of the wavelength.

Keywords: hollow perforated spherical structure with extended tubes; low frequency sound absorption;
melamine foam; wideband sound absorber

1. Introduction

Melamine foams are porous materials widely used in the transport and civil engineering industries
for their remarkable properties of sound absorption and special abilities to withstand extreme
environments (such as heat insulation, fire protection and environmental protection). At present,
the research on this type of foam material has produced a series of papers, and the manufacturing
process is protected by a large family of patents [1,2]. However, in practical noise applications, such
as rail locomotive vehicles, the internal noise of the vehicle is mainly dominant in the low-frequency
noise of 100-1000 Hz. If a single layer of melamine foam is used to absorb the low frequency noise
inside the cab, the foam materials usually require a relatively large space and material thickness [3].
Many researches focused on the optimization of the pore size of porous foams, since the sound energy
dissipation mechanism of porous materials originates from the visco-thermal dissipation of micropores.
Perrot [4] studied the sound absorption properties of the open-cell foam metal structure based on
the Kelvin structure. He pointed out that the pore size directly determines the flow resistivity of the
material. When the pore size is small, the flow resistivity of the material increases, and the sound

Appl. Sci. 2020, 10, 8978; d0i:10.3390/app10248978 www.mdpi.com/journal/applsci
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wave is not easy to enter the material; when the pore structure is large, the flow resistivity is very
small, and the large-size micropores cannot provide sufficient damping for the incident sound waves.
Later, Trinhet et al. [5] studied the sound absorption of polyurethane foam with membrane in the pore
network, and their results show that decreasing the openness of the membrane could enhance sound
absorption performances of the material in low frequency ranges. Park et al. [6,7] built a multiscale
numerical model to optimize the sound absorption properties of PU foams, they found that the acoustic
damping at low frequencies could be improved with an optimum mean cell size and cell openness.

Optimization of the geometrical parameters of the porous structure could improve the sound
absorption of the porous foams to some extent; however, their first sound absorption peak frequency is
still determined by its quarter wavelength resonance frequency. In recent years, much attention has
been paid on developing meta-acoustic materials to enhance the low frequency absorbing performance.
Kidner and Fuller experimentally investigated the use of heterogeneous (HG) acoustic materials to
improve low frequency insertion loss of blankets [8]. An active-passive method, which, based on
FOAM-PVDF structure, was also introduced by Fuller to enhance the transmission loss of foam
materials [9]. Fuller and his colleagues further [10] used meta-materials that are composed of small
masses and poro-elastic media to improve the sound absorption of the porous materials at low
frequencies. Based on numerical analyses of the finite element method, Groby et al. [11,12] conducted
several studies on periodic inclusions embedded in the porous layer to improve the sound absorption
bandwidth. However, their effective sound absorption bandwidth of the composite absorber still lies
in the mid-or high-frequency range (>1000 Hz).

Relying on the multi-layer resonance system, the sound absorption bandwidth of porous media
could be significantly broadened by using the perforated plates. Lin [13] studied the structure of the
sound-absorbing material behind the micro-perforated plate, and their results revealed that, when the
sound-absorbing material occupied the entire cavity, the combined structure had a broader sound
absorption band. Li et al. [14] studied theoretically and experimentally the sound absorption coefficient
of sound-absorbing materials combined with micro-perforated plates by using the transfer matrix
method. They analyzed influences of different placement of sound-absorbing materials on the sound
absorptive performance for the composite absorber, and proposed a wideband sound-absorbing
configuration in which the sound-absorbing material was placed in front of the micro-perforated plate.
However, the composite absorber still requires a large installation space.

More recent work has laid foundations of improving the low frequency sound absorption
performance by using extended tube resonators [15-19]. Li et al. [16-18] presented a kind of multiple
extended tube resonators to enhance the low frequency range from 100 to 1600 Hz in a constrained
space of 100 mm. In order to further improve the low frequency sound absorption of a thin layer
melamine foam below 500 Hz, a new type of resonant absorber comprised of hollow perforated
spherical structure with extended tubes is introduced in the present work. Hence we theoretically
and experimentally investigated the low sound absorption performance of the combined absorber,
and found that the coupling between the Helmholtz resonance and the quarter wavelength resonance
shows a great potential to ameliorate sound absorptive performance of a traditional porous foam at
low- and mid- frequencies. Meanwhile, the sound absorption in low frequency range could be greatly
enhanced by tuning the tube parameters. Our proposed sound absorber reaches the same sound
absorption performance of PPETs-PSAM [17,18], while it is more practical in noise control application
since this device is simply made of a thin and lightweight hollow perforated spherical structure,
and could be easily combined with porous foams. In what follows, we firstly conduct a theoretical
analysis of the performance of combined absorber in Section 2, and then focus on parametric studies in
Section 3. Section 4 is aimed at experimental verifications by impedance tube. Finally, Section 5 draws
some conclusions.
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2. Theoretical Analyses

2.1. Impedance Model of Melamine Foam

Following the well-known JCAL model proposed by Johnson et al. [20] and Lafarge et al. [21],
the equivalent density pe;(w) and modulus Key(w) of the porous fluid are

QeoPO . ob f Aac?npow
= 1-— 1 1
Pfq(w) Cb [ ](Up()aoo +] OzAzd)z ( )
Po/d
Keg(@) = 4 - @
. n .4ko"?N, rPOwW
V—()/—l)[l—]m 1+J,]A,—z’j¢2]

where w is the angular frequency, py is the density of the air, 1 is the viscosity of the air, o is the airflow
resistivity, Pg is the mean ambient pressure, ¢ is the porosity of the material considered, Ny is the
Prandtl number of the air, and y = C,/Cy is the specific heat ratio, in which C, and C; are the specific
heat capacities at constant pressure and at constant volume respectively. The JCAL model involves
six characteristic parameters: the static viscous permeability ko, the porosity ¢, the tortuosity e,
the viscous characteristic length A, the static thermal permeability ky” and the thermal characteristic
length A”.

According to formula (1) and formula (2), the wave number ks and characteristic impedance Z; of

the equivalent fluid medium is
Zs(w) = \lPeq(w)Keq (w), and ®3)

ks(@) = @ [peg(@) / Keg(@) 4)

For the melamine foam with a thickness of H, the surface impedance at x = H of the sample backed
by a rigid wall (see Figure 1) is given by

_ —jZs(w) cot(ks(w)H)

®)

Zpm(w)

¢

Impedance tube

i
e

S, (area)

(area)

Melamine
Foam

S (area)

Figure 1. Illustration of HPSET and melamine foam installed at an impedance tube. The thickness of
the foam is H, and the inner diameter of the HPSET is 2R. The diameters and the maximum length of
the extended tubes are dj and t. All extended tubes inlets are shaped to follow the sphere curvature.
The cross-sectional areas of HPSET and impedance tube are S and Sj.
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In this paper, an experimental characterization approach, which requires direct measurements of
¢ and kj and an impedance tube technique [22-24], is adopted to characterize the transport parameters
of melamine foam [25,26]. Parameters of the melamine foam are listed in Table 1. The porosity ¢ is
measured by a porosimeter, the air-flow resistivity o is directly measured by resistivimeter, and the
remaining four transport parameters (e, A, A’, ky’) are determined by the inverse characterization
techniques using a three-microphone impedance tube [24]. We use a commercially available software
RokCell (v3.0, MATELYS, Lyon, France) [27] to automatically obtain the estimations of the parameters.

Table 1. Parameters of the melamine foam.

Parameters o (Pa-s/m?) d oo A(um) A (um) ko (x10710 m?)
Mii‘f‘;“e 9354+390 0993 +0.001 1.04+002  107+5 223 +23 23+2

2.2. Impedance Model of the Hollow Perforated Spherical Structure with Extended Tubes (HPSET)

Figure 1 illustrates the placement of the HPSET and melamine foam in an impedance tube.
According to the well-known Maa model [28,29], the acoustic impedance of a single extended tube can
be expressed as

Z = = = jwpo(t + 0.85dg)|1 -

(6)

=1|B

S
x=j Jo(x /=) 4

where x = do+/wpy/ (4n) is the ratio between the perforation radius and the viscous boundary layer
thickness inside the tube of the perforations (also named “perforation constant”), dj is the inner
diameter of the extended tubes, t is the maximum length of the tubes, 7 is the viscosity of the air,
@ denotes the angular frequency, j = V-1 represents the imaginary unit, pg is the mass density of the
air, and J, J1 are Bessel’s functions of zero and first order.

The normalized impedance of the spherical resonating cavity is Zp = —j cot(% %), then the
normalized impedance of HPSET absorber is given as

Z . . w (V_Vtubes))
Z = +Zp = ry + jom, — jcot| ——— 7
HPSET = & o 12D =T1p Jomy = j (c 3 @)
with U
= st 1 2 ' + Vaudy ®)
P pppocdo? 32 64t
2\—1/2
wm, = <4114 (9 + x—) +0.85% )
PpC 2 t

where poc denotes the characteristic impedance of the air, ¢ is the sound speed in the air (m/s),
¢p = NAg/S corresponds to the perforation ratio of the HPSET (N denotes the number of extended
tubes, Ay = nd02 /4 denotes to the inner cross-sectional area of the extended tubes, S = R? is the
cross-sectional area of the HPSET. dj is the inner diameter of the extension tubes and R is the inner
radius of the HPSET). V = 4nR3/3 and Vs = 7tNdy? /4 are the volume of the perforated ball and
the extended tubes, respectively.

2.3. Normal Incidence Sound Absorption of HPSET with a Melamine Foam

Considering the sound waves impinges vertically on the composite absorber as illustrated in
Figure 1. As the HPSET is embedded within the melamine foam, the equivalent impedance is the
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parallel of the HPSET and the melamine. Based on the impedance transfer formula [30], the specific
acoustic impedance of the melamine foam at the surface of the composite absorber can be calculated as

. Zpm(w) + jpoctan(ks(w) (R — H))
pm poc + jZpm(w) tan(ks(w) (R — H))

(10)

Then, the characteristic impedance of the composed absorber is given as

s (1= Pb )
7 = — + 11
( Zom  ZHPSET D

where ¢, = 5/Sp, and Sy denotes the cross-sectional area of the impedance tube, S denotes the
cross-sectional area of the HPEST. The normal incidence sound absorption coefficient of HPSET
combined with melamine foam installed at an impedance tube is calculated as

4Real(Z")

= 12
¢ (1 + Real(Z’)*) + Imag(Z’)* (42

3. Simulation Results and Discussion

3.1. Analytical Study of Normal Incidence Sound Absorption Coefficient of the HPSET with a Melamine Foam

Figure 2 illustrates the analytical results of the normal incidence sound absorption coefficient of the
HPSET with a melamine foam obtained from Equation (12), in which the sound absorption of HPSET
and a single layer melamine foam are also shown for a comparison. In the following simulations,
the inner diameter of the HPSET is 2R = 65 mm, the number of perforations is N = 2, the diameters
and lengths of the extended tubes are dy = 4.9 mm and ¢ = 10 mm, respectively. The Helmholtz
resonance absorption peak of the HPSET is found at 380 Hz and the anti-resonance frequency of
this combined absorber is observed at 500 Hz, while the quarter wavelength resonance frequency
of the porous material is around 1500 Hz. It is shown in Figure 2a that the sound absorption of the
composite absorber is superior to the single layer melamine foam and HPSET. It is clear that the sound
absorption of a single layer porous foam is less than 0.5 below 500 Hz. While the composite absorber
reaches a wideband sound absorption (greater than 0.5) in the frequency range from 350 Hz to 2000 Hz,
hence combination of HPSET with melamine foam could greatly enhance the low frequency sound
absorptive performance of the melamine foam.

It is revealed from Figure 2b that the relative resistance of single layer melamine foam and HPSET
are less than 1, which is less than the combined absorber in the frequency range from 360 Hz to 2000 Hz.
Hence, the present absorber could improve the acoustic resistance and enhance the sound absorption.
Meanwhile, the relative acoustic reactance of this combination is nearly zero at the resonance frequency
of 380 Hz and 1500 Hz, which ensures the wideband absorptive performance of the proposed absorber.
The low frequency sound absorptive performance could be further enhanced by combining multiple
HPSETs with different resonance frequency.

3.2. Parametric Study of the Sound Absorption Coefficient of HPSET with a Melamine Foam

Since the sound absorption of HPSET-Melamine foam absorber is influenced by many parameters,
we take the same analytical process and investigate the main parameters in this section. The resistivity
of the melamine foam is a key factor which dominates the sound absorption. It is demonstrated in
Figure 3a that the resistivity of the melamine foam will greatly influence sound absorption both at
the anti-resonance frequency and the quarter wavelength resonance frequency. When increasing the
resistivity of the melamine foam, the sound absorption at the anti-resonance frequency is enhanced,
while the sound absorption at the quarter wavelength resonance frequency is firstly increased and
then decreased. The absorption peak at Helmholtz resonance frequency decreases slightly with the
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increase in resistivity. Hence, a reasonable resistivity is required to match the specific resistance of the
incident sound waves for the composite absorber.
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Figure 2. Analytical results of normal incidence sound absorption of HPSET with melamine foam.
(a) Normal incidence sound absorption coefficient; (b) Characteristic acoustic resistance and reactance.

Figure 3b demonstrates the variation of the diameter of extended tubes on the overall sound
absorption of the present absorber. The tube diameter is a critical factor which controls the sound
absorption performance of the sound absorption of HPSET. When the tube diameter is too large,
the relative resistance is less than 1, and the sound absorption is decreased. On the opposite,
asmall-diameter will induce overlarge acoustic resistance which will also decrease the sound absorption.

As illustrated in Figure 3¢,d, the low frequency sound absorption peak of the combined absorber
is greatly shifted to lower frequencies by decreasing the tube number or increasing the tube length,
while the high sound absorption peak remains the same. It is noted that the low frequency sound
absorption of the HPSET is due to the increase in mass reactance, and the resonance frequency could
be tuned via optimizing the tube parameters.
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Figure 3. Comparison of the normal incidence sound absorption of composite absorber with different
parameters. (a) The resistivity of melamine foam; (b) The diameter of extended tubes; (c) The length of
extended tubes; (d) The number of extended tubes.

4. Experimental Validation

The normal-incidence sound absorption coefficient of the HPSET with melamine foam is
measured by an impedance tube (B&K 4206, see Figure 4) based on the transfer function method.
The measurements are manipulated according to the ISO 10534-2 standard [31], and the experiment
set up is shown in Figure 4. The distance between the two microphones is 50 mm and the measured
frequency range is from 0 to 1600 Hz. The inner diameter of the impedance tube is 100 mm. The room
temperature is 17.5 °C, the atmosphere pressure is 1.01 x 10° Pa, and the relative humidity is 66.4%.
The hollow perforated spherical structure used in the experiments is made of plastic, and the extended
tubes are made of copper. Parameters for the HPSETs are shown in Table 2. Thickness of hollow
perforated spherical structure and extended tubes is 0.5 mm. The thickness of the foam is 50 mm,
and the average densities of the HPSET with foam are 47.1 kg/m?3.

Table 2. Parameters of the tested samples of HPSETs.

Parameters dp (mm) t (mm) N 2R (mm)
HPSET, 49 10 2 65
HPSET, 49 10 5 65

11
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Figure 5 shows the comparison of the experimental result and the calculation result for the sound
absorption coefficient of the melamine foam. The calculation result uses the inverse characterization
techniques described in Section 2.1 (inversion method-based parameters are listed in Table 1). It is
shown that the calculation result is highly consistent with the actual experimental result, which verifies
the reliability of this inversion characterization method.

Power
amplifier

450

B&K 4206

Figure 4. Experiment set up.
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Figure 5. Sound absorption coefficient of the melamine foam. The red solid line and blue dashed line
represent the calculated results by inversion method and directly measured results, respectively.

The measured and calculated sound absorption coefficient curves of HPSET with melamine
foam are shown in Figure 6. Good agreement is observed between the measurement and calculation.
The HPSET combined with a porous foam in a limited thickness of 65 mm reaches a good sound
absorption property in the frequency range from 200 to 1600 Hz. The thickness of the porous material
is only 1/28 of the sound wavelength, which realizes the purpose of controlling the large wavelength
with thin layer materials.

12
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Figure 6. Sound absorption coefficient of the composite absorber for (a) HPSET; and (b) HPSET,
(see Table 2). Red solid line: calculation by inversion method; Blue dashed line: direct measurement.

5. Conclusions

A thin and lightweight sound absorber is presented to improve the acoustic properties at low
frequencies of melamine foams. The absorption performance of the compound absorber is validated
experimentally by using an impedance tube, and the measured results are consistent with the calculation
results. Our research implies that the tube diameter and the resistivity are critical factors controlling the
absorption performance. When decreasing the tube number or increasing the tube length, the resonance
frequency is greatly shifted to lower frequencies. Both theoretical and measured results show that
the HPSET combined with a melamine foam can keep good sound absorptive performance in the
frequency range from 200-1600 Hz in a limited thickness. Compared with conventional absorbers,
the proposed absorber is practical in noise control applications such as in domains of rail vehicles,
aircrafts cabin and automobiles.
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Abstract: The bass ratio describes the relationship between the reverberation energy in the low
frequency region and that of the middle frequency. An appropriate bass ratio can create a warm
sound; however, too much bass can influence speech clarity (Csp) and work efficiency and can even
cause listeners to feel tired or exhausted. Using perforated plate resonance theory and membrane
resonance theory, this research developed the panel membrane resonant absorber (PMRA), which not
only provides an outstanding continuous absorption spectrum in the broadband range of 100-800 Hz
but also presents an aesthetic appearance at a low cost. We divided this study into two parts:
(1) PMRA development and experiment and (2) field application and measurement to confirm the
sound absorption performance of the PMRA. In part 1, PMRA was developed by combining different
materials and thicknesses of the air cavity. In the field study of part 2, the PMRA with the appropriate
sound-absorbing curve was installed in a small auditorium, where we conducted field measurements
for reverberation time (RT) and speech clarity (Csp). According to the experimental results, the PMRA
had great absorption performance at a low frequency. In the field validation, the PMRA was found to
effectively decrease the low-frequency RT while also maintaining the RT of middle-high frequency.
The Cs of the auditorium was also improved.

Keywords: speech clarity; bass ratio; sound absorption; reverberation time

1. Introduction

At the beginning of the 20th century, Sabine proposed the famous reverberation time
(RT) theory, which brought room acoustics into the scientific realm. However, many acous-
ticians have proposed different methods to inspect the pros and cons of room acoustics.
Knudsen and Harris [1] believe that a RT below 500 Hz used in the field of music should
be higher than the middle frequency. Ehmer [2] experimented with 250 Hz and found that
when the masking sound is 20 dB, the 250 Hz threshold of the same frequency is increased
by about 10 dB, the masking sound is 80 dB, and the 250 Hz test signal threshold is raised
by about 50 dB. Beranek [3] proposed the bass ratio (BR) indicator and believed that in
the acoustic design of a hall, the RT for low frequencies (125-250 Hz) should be increased
by 20% compared to intermediate frequencies (500-1000 Hz), suggesting that a concert
hall could be even up to 50%, which can make the sound warm and brilliant. Therefore,
while low frequency is of considerable importance in a space, too much low-frequency
energy will have the opposite effect. Fuchs and Zha [4] proposed that both language and
music have non-negligible energy in the low frequency, which may generate standing
waves in space, indirectly strengthen the low-frequency sound field energy, and shield the
middle and high frequencies that are extremely important for clarity, thus affecting speech
clarity (Csp).

Furthermore, in addition to the feedback on the physical level of the low-frequency
sound, the psychological impact is also an important factor. Vasudevan and Gordon [5]
found that low-frequency noise mainly occurs in indoor environments, while Leventhall [6]
considered the low-frequency noise band to be 10200 Hz and pointed out that LAeq
underestimated low-frequency noise most of the time. Alimohammadi et al. [7] found
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that low-frequency noise caused users to feel annoyed, whereas Waye and Rylander [8]
proposed that the low-frequency noise of ventilation equipment was prone to higher
levels of psychosocial symptoms, sleep disturbance, and headaches for people who are
annoyed. Caniato [9] found that underestimating the interference caused by LAeq can
affect sleep conditions, and Falourd et al. [10] found that low-frequency background noise
causes reduced speech intelligibility and users feel stressed and fatigued. Abbasi et al. [11]
conducted a noise test with 35 young males aged 20 to 30 years old and found that noise
between 65 dB and 75 dB obviously caused psychological fatigue, increased heart rate,
and reduced working memory. Therefore, in order to reduce the likelihood of generated
low-frequency sound, some researchers have proposed the sound absorption method.

Common sound absorption systems on the market, such as Helmholtz resonance,
perforated panel resonance (PPR), micro-perforated panel (MPP), and membranous vibra-
tion (MV), each have sound absorption characteristics at a different frequency. Helmholtz
resonance is for mid-low frequency, but the frequency band is narrow. PPR is also for mid-
low frequency but is wider than that of Helmholtz. The MPP has better sound absorption
performance than PPR, but the manufacturing cost is higher. MV is the only one that can
facilitate artistic creation with sound absorption ability at mid-low frequency. Since this
research is focused on low frequency, we adopted the PPR and MV systems. As a result, in
this paper, we took advantage of the sound absorption characteristics of PPR and MV to
reach better performance at a low frequency.

A bass trap is normally used to solve the problem of acoustics at a low frequency.
Some people will create a bass trap by themselves since they are expensive and enor-
mous, but such DIY products are without measurements to confirm the sound absorption
performance. Therefore, this research designed an absorbent material for low frequency
(125 and 250 Hz). Common methods for improving sound absorption on building walls in-
clude installation of curtains, wood panels, porous cotton materials with perforated panels,
and sandwich structure. Considering price, porous cotton materials with perforated panels
have been commonly adopted in interior renovations but have not shown outstanding
sound absorption performance at low frequency. Cudina et al. [12] designed a sound
absorber by hanging a painting to reduce the RT and found that canvas without an oil color
layer and different air layer behind had a low performance of sound absorption coefficient
at low frequency. The result showed the sound absorption coefficients at 125 and 250 Hz
were under 0.1. Considering the influence of sound absorption performance via canvas
surface tension, Zainulabidin et al. [13] found that surface tension has no significant effect
on sound absorption properties.

Traditional absorbers such as porous materials necessitate a thick absorbing material
when working at a low-frequency range [14]. Hybrid materials have been proposed for
broadband of low-frequency absorption with a thinner structure. Zhao et al. [15] proposed
a double porosity material (DPM) that combined the micro-pore from the porous layer
and the meso-pore made by the labyrinthine channel to absorb low-frequency sound.
Dupont et al. [16] proposed a multi-pancake material that connected perforated materials
to provide a collection of periodically spaced materials as resonant absorbers of low fre-
quency. Liu et al. [17] proposed a perforated composite Helmholtz resonator (PCHR) that
combined separating plates with a Helmholtz resonator and provided a continuous absorp-
tion spectrum in the broadband range of 450-1360 Hz. Furthermore, Zhu et al. [18] com-
bined periodic acoustic metamaterial resonators (AMRs) with a porous layer and provided
a broadband absorption of the audible sound wave at the low frequency of 180-550 Hz.
Tang et al. [19] proposed a perforated honeycomb-corrugation hybrid (PHCH) model that
combined a lightweight sandwich panel with a perforated honeycomb-corrugation core,
providing outstanding sound absorption over a broadband low-frequency range. However,
most of these hybrid materials are still in the research and development stage, their prices
are relatively high, and they have not yet been verified in the field.

In general, historical buildings are usually decorated with smooth, hard, and high-
reflex skin materials, such as glass, concrete, and wood, which result in long RT. On the
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other hand, according to Taiwan’s Cultural Assets Protection Law, decoration can only be
carried out after being approved regarding its configuration, shape, color, and style, thus
placing restrictions on decoration. As described above, sound absorption performance has
to be improved at low frequency. Therefore, for this paper, we designed public art with two
sound absorption systems in order to study panel membrane resonant absorber (PMRA)
sound absorption performance at low frequency.

The theory of sound absorption of PPR combined with sound absorption of MV
was adopted in this research. The former has better sound absorption performance at
middle frequency, while the latter has better performance at low frequencies. Therefore,
the specimens, including different combinations that consisted of expanded metal mesh
(EMM) and canvas, were tested to develop the PMRA with better absorption performance.
This study had two parts—PMRA development and field verification. First, the PMRA was
developed with different combinations of EMM and canvas; then, the sound absorption
performances of the materials and PMRA were tested using ISO 354 [20]. Last, the PMRA
with the best performance at 125 Hz was installed in a historic building, and its performance
in the field was measured and verified. The field verification was focused on room acoustics
of long RT at low frequency.

2. PMRA Development and Prototyping
2.1. Specimens

The development process of the PMRA included two stages. In stage 1, the sound
absorption performances of single materials (EMM and canvas, as shown in Figure 1) with
different air cavities were measured. Then, in stage 2, different air thicknesses in the PMRA
composed of EMM and canvas were measured. The size of each PMRA was 1.8 x 1.2 m.
The thickness and density of EMM were 1.2 mm and 2.25 kg/m?, respectively, while the
density of the canvas was 0.36 kg/m?. Group A consisted of a 10 cm high wooden frame,
canvas covered the surface and fixed the periphery as a membrane structure, and EMM
was installed inside as a resonator, which was collocated at different heights to study
sound absorption performance. Group B used a 20 cm high wooden frame and the same
installation method as Group A. The detailed information of the materials and specimens
are provided in Tables 1 and 2, and Figures 2-5.

(a) Expénded metal mesh (b) Canvas
Figure 1. Materials.

Table 1. Detailed thickness of stage 1 specimens.

No. Surface Texture Air Layer (cm) Height (cm)
1 3 3
2 EMM 20 20
3 C 10 10
4 anvas 20 20
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Table 2. Detailed thickness of stage 2 specimens.

Air Layer Behind the Material (cm)

Group No. Height (cm)
Canvas EMM

Al 5.8 3
A2 3.8 5

A A3 13 7.5 10
A4 None 10
Bl 15.8 3
B2 8.8 10

B B3 38 15 20
B4 None 20

120cm

Canvas Cover

Wooden Enclosure

"~ Wooden Enclosure

(a) Specimen of canvas

120cm

Expanded Metal Mesh

+~————— Wooden Enclosure

Wooden Enclosure

(b) Specimen of EMM

Canvas Cover

Expanded Metal Mesh

Wooden Frame

Wooden Enclosure

(c) Specimen of PMRA

Figure 2. Composition of specimens.

‘Wooden Enclosure
— Expanded Metal Mesh

=
r Expanded Metal Mesh
G B =i =
1 2

—— Wooden Enclosure
’7 Canvas Cover

1. 10

—— Wooden Enclosure
| Canvas Cover

Figure 3. Specimen section in stage 1, as Table 1.
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Figure 4. Group A section in stage 2, as Table 2.
————— Wooden Enclosure Wooden Enclosure
Canvas Cover Canvas Cover
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| =
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Figure 5. Group B section in stage 2, as Table 2.

2.2. Experiments

In this study, the sound absorption efficiency was measured using the reverberation
room, which conforms with the ISO/IEC 17025 [21] testing and calibration laboratory
operation regulations, and the methodology of measurement suite is in accordance with
ISO 354:2003 [22]. The reverberation room is an unshaped hexahedron. The volume of the
reverberation room is 171.3 m3, its surface area is 184.3 m?, and its floor area is 32.8 m2. The
laboratory adopts a floating structure to reduce the outside interference on the experiment.
As described above, the single PMRA was 2.16 m? (1.8 m x 1.2 m), and the total area of
the test specimen was 4.32 m? (1.8 m x 2.4 m), which was placed on the center of the floor.
Figure 6 shows the reverberation room environment, and the receive point and calculation
of the sound absorption coefficient are shown in Equation (1).

1 1
as = 55.3 X V(E — ﬁ) —4V(my —my) (1)

where V is the volume of the empty reverberation room (m?); ¢ is the propagation speed
of sound in air (m/s); T is the reverberation time of the empty reverberation room (s);
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T is the reverberation time of the reverberation room after the test specimen has been
introduced (s); and my, my is the power attenuation coefficient (m~1).

(O Speaker ® Receive point
1 PMRA

Figure 6. Reverberation room of National Cheng Kung University Architectural Acoustics Lab.

3. Measurement Results of PMRA

Figures 7 and 8 demonstrate the results of the first stage. By increasing the air layer
behind the expanded metal mesh, we found that the absorption frequency band became
wider, and the resonance frequency moved to low frequency. The surface density of the
canvas was small. Although the low frequency was slightly improved by increasing the
air layer behind it, the sound absorption efficiency was relatively weak throughout the
entire frequency band. Due to the limitation of the materials’ surface density, changing
the air layer had a greater impact on the low frequency of absorption efficiency with the
expanded metal mesh than with the canvas.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2 —#-EMM with 3 cm air-layer

Sound absorption coefficient (o)

0.1
0.0

I --EMM with 20 cm air-layer

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency (Hz)

Figure 7. The sound absorption coefficient of expanded metal mesh (EMM) with single-layer structure
in stage 1.
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0.9 —&Canvas with 10 cm air-layer

—+Canvas with 20 cm air-layer

Sound absorption coefficient (o)
(=1
in

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000
Frequency (Hz)

Figure 8. The sound absorption coefficient of canvas with single-layer structure in stage 1.

The results of the second stage are shown in Figures 9 and 10. In Group A, the sound-
absorbing performance significantly increased at a frequency range from 125 to 250 Hz
via increased air space behind EMM, that is, at 125 Hz, it increased from 0.14 to 0.33, and
at 250 Hz from 0.53 to 0.75. Although the sound absorption coefficient at low frequency
increased, it was still lower than 0.6 when under 250 Hz.

1.0
0.9 | WAl A2 A3 -e-A4

0.8
0.7
0.6
0.5
04
03
02 9
0.1
0.0

Sound absorption coefficient (o)

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000

Frequency (Hz)

Figure 9. The sound absorption coefficient of Group A in stage 2 (specimen height 10 cm). Al: canvas
with 5.8 cm air-layer + EMM with 3 cm air-layer; A2: canvas with 3.8 cm air-layer + EMM with
5 cm air-layer; A3: canvas with 1.3 cm air-layer + EMM with 7.5 cm air-layer; A4: canvas with 0 cm
air-layer + EMM with 10 cm air-layer.

In Group B, the air space was increased to 20 cm, and the overall sound absorption per-
formance was significantly improved at low frequencies compared to Group A. Therefore,
the sound absorption coefficient rose above 0.4; at 250 Hz, it increased from 0.48 to 0.91,
at 125 Hz, from 0.35 to 0.80. B4 sound absorption performance not only performed better
than the other specimens in Group B at 100 Hz and 125 Hz, but also at medium and
high frequencies.

As shown above, in Group A, as the air layer increased, the sound absorption coef-
ficient of each frequency band improved. The sound absorption coefficients of A2 to A4
at 250-500 Hz were all above 0.6. However, the objects of this study were 125 and 250 Hz.
Therefore, in Group B, we increased the air layer to 20 cm and found that the sound ab-
sorption coefficient moved to low frequency. B4 performed well at 125 Hz, and the 250 Hz
sound absorption coefficient was 0.76. Therefore, this study chose B4 as the specimen for
subsequent development.

23



Appl. Sci. 2021, 11, 1893

1.0
09
0.8
0.7
0.6
0.5
0.4
03
02
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| 2Bl -+B2 —4+B3 -0-B4 ‘

Sound absorption coefficient (o)
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Figure 10. The sound absorption coefficient of Group B in stage 2 (specimen height 20 cm). Bl:
canvas with 15.8 cm air-layer + EMM with 3 cm air-layer. B2: canvas with 8.8 cm air-layer + EMM
with 10 ecm air-layer. B3: canvas with 3.8 cm air-layer + EMM with 15 cm air-layer. B4: canvas with
0 cm air-layer + EMM with 20 cm air-layer.

4. Field Validation of PMRA
4.1. The Historic Building

In this study, we adopted Ge-Chi Hall of National Cheng Kung University as the
object of field verification. Ge-Chi Hall has a historical and cultural background and is a
typical small auditorium, as shown in Figure 11. The building is approximately 220 m?,
with a volume of 1600 m?, and a total interior surface area of 1060 m?2. The overall wall was
made of cement, the first floor was made of wood and cement, and the second floor was
made of wood without fixed seats. The first floor was for the auditorium, while the second
floor was for the media. As described, these materials were all smooth surface materials,
which causes a long RT. However, Ge-Chi Hall is primarily used for ceremonial activities,
including musical performances, speeches, dinner parties, and evening parties. As a result,
we targeted the RT and Cs in this study, especially at low frequency.

Figure 11. Ge-Chi Hall environment and section diagram.

4.2. Acoustic Index

This study refers to the bass ratio by Beranek [3], which is identified as the ratio of
RT between 125 Hz, 250 Hz, and middle frequency (500 Hz and 1000 Hz), as shown in
Equation (2). Beranek classified the ratio of RT into four levels, as shown in Table 3.
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T125/ Tia

Ratio of RT =
{ Tos0/ Tiia

2
Twia = (Ts00 + T1000) /2

where Tqp5 is the reverberation time of 125 Hz (s), T»5g is the reverberation time of
250 Hz (s), and Tp,q is the reverberation time of 500 and 1000 Hz (s).

Table 3. Ratio of reverberation time (RT) at low frequency (Beranek, 1962).

Category T250/Tmia T125/Tmia
Excellent bass 1.14 1.27
Good bass 1.06 1.03
Fair bass 0.97 0.95
Poor bass 0.90 0.86

According to ISO 3382-1 [22], the Cs is the ratio of early-to-late arriving sound energy
ratio, and it can be calculated through Equation (3). When Cs > 0, the early sound energy
dominates the sound field and satisfies basic speech intelligibility. In general, the Csy have
a high relation with RT—the lower the RT, the better the Csp.

However, the target in this paper is to compare the RT and Cs( at a low frequency in
Ge-Chi Hall with and without PMRA. RT is valued by BR, and we observed how much
Csp increased.

50 o
t)d
C50 = 101g%()t
Jso P*(t)d:
where Cs is the early-to-late index, and p(t) is the instantaneous sound pressure of the
impulse response measured at the measurement point.

@)

4.3. Field Measurement

The measurement environment had air conditioning, NC was 35, temperature was
26 °C, and relative humidity was 55%. In this study, the sound source was an omnidirec-
tional loudspeaker via B&K Dirac software that output MLS digital signals and analysis
after a 1/2 free-field microphone received the sound power, as shown in Figure 12. In
Figure 13, the sound source is shown set on the stage, and all receive points are evenly
distributed on the first floor (P1-P5) and second floor (P6-P7); the measured data were the
total average.

Omnidirectional
Power amplifier sound source

> 28

Dirac

@
o

<> T <

.
Sound Device B&K 2250

Figure 12. System of the field measurement.

Figure 14 shows the RT results of Ge-Chi Hall without PMRA. At 125, 250, 500, and
1000 Hz, the RT values were 1.74, 1.53, 1.31, and 1.21 s, respectively. According to the RT
ratio proposed by Beranek [3], 500 and 1000 Hz of RT were substituted into Equation (2)
for the field measured, and the calculation revealed that the 125 and 250 Hz RT of the space
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should be between 1.19 and 1.60 s, and 1.22 and 1.43 s, respectively. The comparison result
shows that 125 and 500 Hz need to be reduced by at least 0.14 s and 0.1 s, respectively, to
fall within an appropriate RT.

1 |
L ps Pa L [
B—— — @ ® 1. I
P6 A I

o ° p1
P7 o ® [
1" | . [
, P3 e | N
o L — . ' _'_*_"[ J[

® Sound source
@ Receive point

Figure 13. Sound source and measurement points.
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Figure 14. RT of Ge-Chi Hall without panel membrane resonant absorber (PMRA).

4.4. Installation of PMRA

As described herein, for the field verification, we conducted a two-phase measurement
of current situation investigation and improvement investigation, followed by the position
measurement of RT and Csg. After improvement, the survey installed PMRA on both sides
of the front and back walls of the auditorium on the first floor, as well as on both sides of
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B eMRrA (120 cm *180 cm)
B PMRA (90 cm *120 cm)

the back and the walls on both sides of the media booth on the second floor. The PMRA
was based on type B4 for field verification implementation. The following two sizes were
used: 180 (L) x 125 (W) x 20 cm (H) with seven pieces and 120 (L) x 90 (W) x 20 cm (H)
with two pieces. The installation position is shown in Figure 15.

G

A
[

Figure 15. PMRA setting position.

4.5. Field Performance of PMRA

Figure 16 shows the RT of Ge-Chi Hall with PMRA. The RT results were 1.55, 1.40,
1.28, and 1.16 s at 125, 250, 500, and 1000 Hz, respectively. The 500 Hz and 1000 Hz of RT in
the measured field were substituted into Equation (2), which indicated that 125 Hz and
250 Hz should be between 1.16 and 1.47 s, and 1.19 and 1.37 s, respectively. Therefore, the
PMRA effectively reduced the RT at low frequency, which was within a suitable RT range
at both 125 and 250 Hz. Overall, by minimizing the high-frequency sound absorption
as much as possible in this study, we found that PMRA can effectively reduce the RT at
125 and 500 Hz; thus, the result was consistent with the purpose of this research.

2.0
15
Qo
E
=
g 10
g
k=
15}
5
% s
- With PMRA
0.0
125 250 500 1000

Frequency (Hz)

Figure 16. RT of Ge-Chi Hall with PMRA.

27



Appl. Sci. 2021, 11, 1893

As shown in Figure 17, the Csg of Ge-Chi Hall without PMRA were —4.26, —2.41, and
—2.23 dB at 125, 250, and 500 Hz, respectively. After PMRA was installed, the Cs5p was —2.19,
—0.73, and —1.35 dB, reflecting increases of 2.07, 1.68, and 0.98 dB, respectively. Therefore,
PMRA can effectively increase Csy performance at 125, 250, and 500 Hz. However, whether
PMRA was installed or not, we observed no significant effect at 1000 Hz to 8000 Hz.

4.0
3.0
20
1.0
0.0
—-1.0

€50 (dB)

=20

=3.0
—e—Without PMRA

—4.0 —o—With PMRA

=50
125 250 500 1000 2000 4000 8000

Frequency (Hz)
Figure 17. A comparison of C5y with or without PMRA at each band.

Figure 18 shows the comparison of the Csy with and without the PMRA at 500 Hz.
Due to the PMRA installed point, speculated P1 had a long distance with PMRA, and P2
was close to outside noise. Therefore, C5y had an increased limitation, while the others
were significantly increased.
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Figure 18. A comparison of Csp with or without PMRA at 500 Hz.
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5. Conclusions

In this paper, we developed a PMRA prototype set with different structure combina-
tions and used laboratory measurements to confirm the basic sound-absorbing characteris-
tics of PMRA, choose a better sample on the basis of the research results, apply it to the
actual field, and then study the low-frequency improvement of building acoustics.

The laboratory measurement was separated into two stages. In the first stage, we
studied the sound absorption performance of the surface materials. The second stage was
to study the membrane structure with single-layer EMM and to design a composite plate
mold resonance sound absorber, which we used to explore each group’s sound absorption
characteristics of different materials and air space. We ultimately found that B4 had a better
sound absorption performance than others at low frequency (125 Hz), and thus we chose
and installed B4 in field validation.

For the difference between PMRA being installed in Ge-Chi Hall or not, the RT was
reduced by 0.19 s at 125 Hz and 0.13 at 250 Hz, while Cs increased by 2.07 and 1.68 at
125 and 250 Hz, respectively. The overall results show that PMRA not only effectively
reduced low frequency and increased Cs, but also was both practical and aesthetic as a
sound absorber.
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Abstract: It is known that aerogel impregnated fibrous blankets offer high acoustic absorption and
thermal insulation performance. These materials are becoming very popular in various industrial
and building applications. Although the reasons for the high thermal insulation performance of these
materials are well understood, it is still largely unclear what controls their acoustic performance.
Additionally, only a small number of publications to date report on the acoustical properties of
fibrous blankets impregnated with powder aerogels. There is a lack of studies that attempt to explain
the measured absorption properties with a valid mathematical model. This paper contributes to
this knowledge gap through a simulation that predicts the measured complex acoustic reflection
coefficient of aerogel blankets with different filling ratios. It is shown that the acoustic performance
of a fibrous blanket impregnated with aerogel is generally controlled by the effective pore size and
porosity of the composite structure. It is shown that there is a need for refinement of a classical
Biot-type model to take into account the sorption and pressure diffusion effects, which become
important with the increased filling ratio.

Keywords: acoustics; aerogels; modeling; fiber; porous materials

1. Introduction

There is a global need to reduce the use of fossil fuels and the release of greenhouse
gases. Currently, 40% of energy consumption in Europe comes solely from the building
sector [1], which is a major source of greenhouse gases. Due to this high level of energy
consumption, the European council has introduced a 27% energy efficiency target for
2030 [2]. This has led to industries sourcing better energy-saving products for the market,
with thermal insulation being the most effective way to reduce the energy consumption and
loss. Achieving such a significant energy efficacy requires the development and upscaling
of new commercial products based on aerogels.

One popular emerging thermal insulation product is aerogel blankets. Aerogel blan-
kets consist of a silica aerogel embedded in a reinforcing fibrous matrix, which allows the
brittle aerogel to become a flexible, durable solid used for buildings [3] and pipelines. The
silica aerogel can undergo a surface modification process (typically hydrophobization) to
enhance surface life stability [4], thus reducing the aerogel’s susceptibility to moisture and
rapid spoilage [5]. Silica aerogels themselves have porosity values as high as 98%, densities
as low as 0.05-0.5 g/cm?, surface areas in the range of 300-1000 m? /g [6] and thermal
conductivity values as low as 0.02 W/mK [7]. Application of aerogels on their own are
limited due to their fragility and low mechanical modulus. Using them as composites in the
form of aerogel blankets removes their fragility, as the aerogel grains are now incorporated
within a fibrous matrix such as fiberglass or rockwool, giving them impeccable mechanical
strength and a breadth of flexibility in terms of product development [8].

Conventional porous materials, such as nonwovens and polymer foams [9], can
also prevent the reflection of sound incident waves to provide a high sound absorption
performance [6,10] that is a highly desired property. Nonwovens in particular are ideal for
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sound absorption due to their large surface area and high porosity, which offers increased
frictional losses between sound waves and the fibrous matrix, leading to their good sound
absorption performance [11].

Monolithic silica aerogels alone have unusual viscoelastic properties and have been
used in the form of clamped plates to become the main source of intrinsic losses allowing
them to exhibit subwavelength resonances for high sound absorption [12,13]. However,
these materials are highly fragile. Utilizing them as aerogel powder into a fibrous, flexible
matrix results in a multi-functional system that can fulfill a range of practical needs in
many industry and domestic applications. Their fused nanoparticles in particular result in
extremely low elastic stiffness, which provides a relatively low acoustic impedance and
exceptionally low flexural wave speed, making it ideal for use as a subwavelength flexural
element for controlling airborne sound [14]. Super-insulative acoustic absorbing materials
such as aerogel blankets can be tailored and combined with other products to widen their
applications and to provide lighter, thinner and more economical products.

It is known that the acoustic properties of aerogels alone are greatly influenced by
the interstitial gas type, pore structure and aerogel density [15,16], and more recently the
pioneering efforts to embed granular aerogels into a reinforced fibrous network [3] have
shown promising acoustical behavior. The combination of the density and granular size of
aerogel [17] and fiber reinforcement and decreased pore size greatly influences the sound
absorption [18]. Motahari et al. [19] investigated the aging time of silica aerogels in cotton
nonwoven mats on the sound absorption performance. They found that the presence
of low density (0.088 g/cm?) silica aerogel at different molar ratios of the precursors
MeOH/TEOS used and the low aging time enhanced the sound absorption coefficient in
the low frequency range of 250 to 2500 Hz. Furthermore, Eskandari et al. [20] investigated
the acoustical behavior of synthesized silica aerogels mixed into UPVC blankets of different
weight ratios. They found that neat UPVC only had a maximum sound absorption of 17%
at a frequency of 1800 Hz; however, when silica aerogel was applied at 0.5, 1.5 and 3 weight
%, the maximum sound absorption of UPVC increased to 24, 28 and 43%, respectively,
therefore highlighting that acoustical properties were greatly increased upon the addition
of silica aerogel. A more extensive review of acoustical properties of aerogels can be found
in reference [4].

However, there is a general lack of understanding regarding what leads to the ob-
served acoustical properties of granular aerogels embedded into fibrous mats. A majority
of previous works have not attempted to apply any valid theoretical models to predict
key acoustical properties of these systems to explain the measured data. There are limited
data on the effect of the filling ratio on the acoustical properties of aerogel impregnated
fibrous blankets. Additionally, despite some previous efforts (e.g., [6,9]), there is a limited
understanding on the ability of some prediction models to explain the general acoustical
behavior of these materials. There was no discussion on the values of the non-acoustical
parameters that the authors of references [6,9] had to use in the prediction models they
chose in their works to simulate the measured absorption coefficient data.

Our work aims to address this gap via a careful characterization of the acoustical
behavior of granular silica aerogels impregnated into fiberglass mats. The acoustical
properties of five samples of aerogel blankets with varying concentrations of aerogel
powder (at micrometric particle sizes) at filling ratios of 0, 25, 50, 75 and 100% were
measured and predicted using a mathematical model. This work helps to better understand
the relation between their micro-structure and measured acoustical performance.

The structure of this paper is as follows. Section 2 highlights the various techniques
used to characterize the chemical and physical material properties of aerogel blankets.
Section 3 looks at the experimental acoustical data derived from the analysis of these mate-
rials. Section 4 attempts to explain these data with a mathematical model to understand
what intrinsic properties of aerogel blankets make them acoustically absorbing.
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2. Materials and Methods
2.1. Materials Preparation

As specified in the patent [21], sodium silicate diluent was prepared using distilled
water to achieve 3 to 10 weight % of SiO; and stirred with hexamethydisilazane (HDMS)
whilst slowly adding nitric acid (HNO3) to allow gelation to occur. The silylated hydrogel
and co-precursor were gradually immersed in n-hexane for a one-step solvent exchange
and sodium ion removal. Water present in the hydrogels is detached due to surface
modification of the organic groups (-CHjz)3 in HDMS. The hydrogel from which water was
removed was then dried at ambient pressure and pulverized to form a superhydrophobic
synthetic silica aerogel powder [22] with the particle diameter in the range of 1-20 pm
impregnated into a fiberglass blanket at different weight % of 25, 50, 75 and 100 powder to
blanket at a later manufacturing process. This is a standard process [23]. The fiber diameter
in the blanket was 10 microns and its density was approximately 73 kg/m3. It is a standard
commercial E-glass fiber needle mat produced by Lih Feng Jiing Enterprise Co Ltd (Tainan
City, Taiwan) [23]. The impregnated fiberglass blankets were then cut to a 10 mm diameter
size using a hand-held hole saw that had smooth blade edges to ensure a perfect fit into
the impedance tube when tested for acoustical properties.

2.2. Materials Characterization

Microstructural observations such as particle distribution of the silica aerogels within
fiberglass mats were performed using scanning electron microscopy (SEM). Images were
obtained with a FEI Nova NanoSEM 230 instrument (FEI, Hillsboro, OR, USA) at an
accelerating voltage of 10 kV and a minimum working distance of 5 mm. The silica aerogels
were fixed on the sample holder using a carbon pad and subsequently coated with 15-20 nm
of platinum for SEM analysis.

The acoustical properties of aerogel blankets were measured in a 10 mm impedance
tube that was custom made by Materiacustica [24]. This 2-microphone tube setup was devel-
oped to test small material specimens in accordance with the standard ISO
10534-2:2001 [25]. This setup enabled us to measure the normalized surface acoustic
impedance, complex reflection coefficient and sound absorption coefficient of a hard-
backed porous layer in the frequency range of 300-3000 Hz. The spacing between the two
microphones was 30 mm, which is usual for this frequency range as recommended in the
standard [25]. The thickness of the samples used in the acoustic experiments was between 7
and 11 mm, which is a typical thickness of a commercial product [23,26]. Figure 1 illustrates
a typical specimen of fiberglass blanket impregnated with aerogel that was used in the
acoustic experiments. Figure 2 shows a photograph and jigsaw drawing of the vertically
standing impedance tube.

Figure 1. 10 mm diameter of fiberglass blanket samples cut for fitting into the impedance tube.
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Figure 2. 2-Microphone impedance tube setup to measure the surface impedance of a porous layer [25].

3. Modeling of the Acoustical Properties of Fibrous and Granular Media

Basic modeling of the acoustical properties of this kind of material requires a math-
ematical model that takes into account the classical visco-thermal effects in the voids’
between the fibers and loose granules of powder. However, a fibrous blanket impregnated
with aerogel is a more complicated void structure that has at least three scales of porosity.
The fiberglass blanket itself consist of 10 um interlaced fibers that form a porous structure
with sub-millimeter size pores of approximately 0.1 mm. The aerogel particles are around
20 pm in size and contain nano-pores of 20 nm in size.

There are several models that exist that can predict the acoustical properties of
classical fibrous media [27]. In this work we attempt to use the model proposed by
Horoshenkov et al. [28], which is based on the following three parameters: (i) the median
pore size, 5; (ii) porosity, ¢; and (iii) the standard deviation in pore size, ¢5. This reduced
number of parameters allows easier inversion of key morphological characteristics of
porous media from acoustical data. This model predicts the dynamic density, p, and
complex compressibility, C, of air in the material pores. These quantities are given by the
analytical equations, which are presented in reference [28]. The MATLAB code to predict
these quantities can be found in reference [29].

The normalized surface impedance of a hard-backed layer of porous material that is
typically measured in the impedance tube is:

Zs = —jZc cot(ked) / poco (1)
where j = \/—1, d is the sample thickness, py is the ambient density of air, ¢y is the sound

speed in air,

.
Ze = G (2

is the characteristic impedance and

ke = w/pC ®)
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is the wavenumber in the porous material. Here, w is the angular frequency of sound. In
this work, we use the complex reflection coefficient data

Zs—1

R=Z 31

4)

to fit the model. The work presented in reference [30] shows that the complex reflection
coefficient is a reliable quantity to determine the effective values of the three non-acoustical
parameters in the model [28] through the parameter inversion. This is the complex acous-
tical quantity that is measured directly using the standard impedance tube method [25].
The real and imaginary parts of this quantity are bounded between —1 and +1, which
makes them attractive to use in the parameter inversion process. The complex reflection
coefficient can also be used to predict the acoustic absorption coefficient

x=1—|R] )
which is a usual measure of the ability of the porous layer to absorb sound.

4. Results and Discussion
4.1. Microstructural Analysis

Figures 3-7 present SEM images of the fiberglass blankets with a progressive increase
in the aerogel powder filing ratio from 0 to 100%. These images can be used to identify the
aerogel particle distribution in fiberglass blankets and the structure of the fiber network.
The SEM magnification scale in each of these images changes between 40, 100 and 500
microns to provide a better view inside into the microstructure. We note that SEM image
analysis is sensitive to the loading of samples on to the carbon stub; a large amount
deposited will affect the coating and this may fracture the image surfaces. Furthermore,
there may be sampling bias causing the contrast/brightness settings to be adjusted and
this may also affect the results.

Figure 3 clearly shows that there is little to no aerogel powder present in virgin
fiberglass. It also shows that the spacing between individual fibers is in the order of 100 s
of microns and that these randomly oriented fibers form a complicated network. The
addition of a relatively small (25%) amount of aerogel powder does not significantly affect
the inter-fiber space (see Figure 4). For this case, aerogel particles mainly attach themselves
to the fibers (see Figure 4a) causing an apparent increase in the fiber diameter (see Figure 4).
In the case of the samples with 50 and 75% concentrations (Figures 5 and 6, respectively),
a similar effect can be visually observed, but the apparent increase in the fiber diameter
is more significant whereas the size of the inter-fibrous space is clearly reduced. In the
ultimate case, when the aerogel filling ratio in the fibrous sample is 100% (see Figure 7), a
considerable proportion of the inter-fibrous space is occupied with aerogel powder so that
the effective pore size appears to be significantly reduced visually.

(b)

Figure 3. SEM images taken at different magnifications (3000 x (a), 800 (b) and 200x (c)) showing the fiberglass blanket

without any aerogel.
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Figure 4. SEM images taken at different magnifications (3000 (a), 800x (b) and 200x (c)) showing the fiberglass blanket
structure with an aerogel filling ratio of 25%.

Figure 5. SEM images taken at different magnifications (3000 (a), 800x (b) and 200x (c)) showing the fiberglass blanket
structure with an aerogel filling ratio of 50%.

(b)

Figure 6. SEM images taken at different magnifications (3000 (a), 800x (b) and 200x (c)) showing the fiberglass blanket
structure with an aerogel filling ratio of 75%.

36



Appl. Sci. 2021, 11, 4593

Figure 7. SEM images taken at different magnifications (3000 (a), 800x (b) and 200x (c)) showing the fiberglass blanket
structure with an aerogel filling ratio of 100%.

4.2. Acoustical Properties

The acoustical properties were measured at the University of Sheffield in a 10 mm
impedance tube [25]. Five specimens were cut from different areas on a sample of each type
of fibrous blanket and their properties were measured. The repeatability of each measurement
was found within 3-2.9% for the absorption coefficient and 4-5.8% for the reflection coefficient.
Figure 8 shows a comparison between the measured absorption coefficients for the five
samples. Figure 9 presents a comparison between the measured and predicted real and
imaginary parts of the complex reflection coefficients for these five materials.
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Figure 8. An example of the measured sound absorption coefficient of a 8-9 mm thick hard-backed
layer of the five fibrous blankets with a progressive increase in the aerogel filling ratio.
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Figure 9. Examples of the measured (marker) and predicted (solid lines) complex reflection coefficient
data for fiberglass blanket without any aerogel (top), 50% aerogel impregnated blanket (middle) and
100% aerogel impregnated blanket (bottom).
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The results presented in Figure 8 suggest that there is a progressive increase in the
absorption coefficient as the aerogel impregnation increases from 0 to 50%. When the
aerogel filling ratio reaches 75% this increase becomes less pronounced. Increasing the
filling ratio beyond 75% reduces the absorption coefficient significantly. This reduction
makes sense because it is likely associated with a densely packed inter-fibrous space, which
becomes almost full with aerogel (see Figures 6 and 7), causing a considerable reduction in
the pore size (see Table 1) in a relatively thin material layer. For the filling ratios of 75% and
above the characteristic impedance (see Figure 9) and attenuation of sound in a layer with
such small pores becomes very high, limiting the value of the absorption coefficient [27].
The absorption coefficient of this relatively thin fibrous blanket with 50-75% filling ratios is
still relatively high (30-70%) particularly above 1000 Hz (see references [4,13]). This level
of absorption has a practical value in applications related to engineering noise control.

Table 1. Values of the non-acoustical parameters inverted from fitting the model [28] to the measured complex reflection
coefficient data for the five types of fiberglass blankets.

Layer

Standard

Fillin§/ Ratio, Thickness, d, Pore Size, 57, Porosity, ¢ Deviation in Calcu.lated RMS Error, %
° mm pm Pore Size, o5 Porosity, ¢
0 8.12 +0.77 994 +4.15 0.994 + 0.0098 0 0.965 + 0.0041 14
25 9.33 + 1.60 48.0 +20.2 0.938 + 0.018 0.160 + 0.213 0.960 + 0.0044 1.7
50 9.26 + 047 32.8 +2.00 0.929 + 0.011 0 0.952 + 0.0026 1.8
75 10.35 + 0.85 20.5 + 1.35 0.959 + 0.032 0 0.951 £+ 0.0036 3.6
100 9.34 + 0.84 83.0 + 2.04 0.505 + 0.091 0.55 + 0.015 0.94 + 0.0067 25

An obvious question here is: What happens to the fiberglass pore properties when the
percentage of aerogel powder impregnating the blanket increases? In order to answer this
question we attempted to fit the mathematical model [28] to the complex acoustic reflection
coefficient data measured in the impedance tube. We used the optimization procedure
described in reference [30] to invert the three parameters of the best fit. This procedure has
been used extensively by many researchers (see [27] for a review of parameter inversion
methods). Figure 9 shows three examples of this fit for fiberglass blankets with aerogel
filling ratios of 0, 50 and 100%.

Table 1 presents a summary of the mean values of the three non-acoustical parameters
in the adopted theoretical model [28], which were inverted from its fit to the measured
data for the five filling ratios. This table also provides the porosity values calculated from
the material density data, mean layer thickness measured directly and root mean square
error (RMS) calculated between the predicted and measured reflection coefficient spectra.
The superscript (), which appears with a non-acoustic parameter in this table, means that
the values of this parameter were inverted rather than measured directly.

The results shown in Figure 9 and the parameter values listed in Table 1 suggest that
the model generally provides a very close fit to the data (an RMS error better than 2.5%),
particularly when the filling ratio is equal to or below 50%. The agreement between the
predicted and measured reflection coefficient spectra reduces slightly with the increased
filling ratio. The inverted value of the median pore size (Table 1) decreases progressively
from 99.4 to 20.5 um as the filling ratio increases from 0 to 75%. This makes physical
sense, as the SEM images in Figures 3-7 illustrate this. This range of pore sizes is also
consistent with that measured non-acoustically for similar materials [6]. When the filling
ratio increases, the inter-fiber pores are progressively replaced with much smaller inter-
grain pores. The transport (inner) pores in the grains of aerogel do not seem to contribute
significantly to the measured acoustical properties. This is reflected in a consistently
underpredicted porosity value, ¢()). The progressive change in the inverted porosity
value make sense for the filling ratios between 0 and 50%, dropping from 99.4 to 92.9%,
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respectively. These values match the measured porosity values within 3%. When the filling
ratio increases to 100%, the inverted porosity of ¢(/) = 50.5% is significantly below the
measured porosity of ¢ = 93.6%. Additionally, the median pore size inverted for this type
of blanket is not realistic. This suggests that the physical behavior of the blanket layer
with 100% filling ratio is no longer captured accurately by the model. As the proportion
of aerogel powder in the material approaches 100%, the sorption and thermal diffusion
effects are likely to become much more important [31]. These effects are not captured by the
adopted model [28], which only accounts for the classical visco-thermal and inertia effects.

5. Conclusions

This work is a systematic study of the acoustical properties of fibrous blankets that
are impregnated with an aerogel powder. The level of impregnation (filling ratio) has been
progressively changed from 0 to 100% with respect to the material weight. The complex
acoustic reflection coefficient of these materials was measured in the frequency range of
300-3000 Hz using a standard impedance tube setup [25]. These data were used to invert
the three parameters of the theoretical model [28] via the best fit method [30]. It was found
that the adopted model can predict the reflection coefficient spectrum relatively accurately
with the RMS error being below 4%. The absorption coefficient of these relatively thin
(8-9 mm thick) fibrous blankets with 50-75% filling ratios is relatively high (30-50%),
particularly above 1000 Hz. This level of absorption has a practical value in applications
related to engineering noise control.

The results of the parameter inversion obtained with the adopted model suggest
that the impregnation of fibrous blanket with an aerogel powder results in a progressive
reduction in the effective pore size. For the filling ratios in the range of 0-50% there
is also a small but progressive reduction in the inverted porosity, which is within 3%
of that measured directly. The absorption coefficient increases progressively with the
increased filling ratio, reaching its maximum when the filling ratio is between 50% and
75%. This decrease in the effective pore size results in an increased acoustic attenuation
and better coupling, which are important to maximize the acoustic absorption for such
a thin porous layer. Increasing the filling ratio beyond 75% results in a significant drop
in the absorption. This drop is associated with a considerable drop in the porosity value
(¢ = 0.505) and substantial increase in the pore size (s = 83 pm) inverted for the filling ratio
of 100%. The discrepancy between the model and data for this filling ratio increases. As the
proportion of aerogel powder in the material approaches 100%, the open porosity does not
drop significantly, i.e., the proportion of the open interconnected pores remains relatively
constant. However, the sorption and thermal diffusion effects in the inner pores in the
aerogel grains become much more important [31]. These pores have nanometer scales [6],
which is much smaller than the values of 5 inverted with the model [28] (see Table 1). The
effects that occur in nanometer pores cannot be captured by the adopted model [28], which
only accounts for the classical visco-thermal and inertia effects in pores that are much larger
than the mean free path (68 nm in air at ambient pressure and temperature).

This work suggests that in order to predict the acoustic behavior of fibrous blankets
with high aerogel filling ratios there is a clear need to refine the model [28] to include
the sorption and pressure diffusion effects. The adopted model does require unrealistic
values of the median pore size and porosity to achieve a good fit. This model can be
refined by including in it the work by Venegas and Umnova [31]. In this way the dynamic
compressibilities of the air filling the inter-fiber pores and in the nanoscale pores in the
aerogel grains can be combined to account for all of the physical effects that contribute to
the observed acoustical behavior.
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Featured Application: The use of acoustically efficient porous concrete with weighted absorption
coefficients (xy) in the range of 0.30 to 0.75 for noise control in outdoor and indoor applications.

Abstract: The interest in the use of resistant acoustic materials has put further attention on the
use of porous concrete in the building industry. This work investigates the acoustic properties
of four different mix designs of porous concrete obtained with two types of aggregates, that is,
normal weight and lightweight aggregates. The assessment of the sound-absorbing performances
has been conducted in the small-scale reverberation room (SSRR) at Politecnico di Torino (Italy),
in agreement with the procedure indicated in the ISO 354 Standard. For each concrete type, three
panel thicknesses, i.e., 20 mm, 40 mm, and 60 mm, were tested. Moreover, different mounting
conditions were investigated, considering the combination of single panels in multiple layers, adding
an air gap between the panel and the backing, and inserting a layer of rock wool in the air gap itself.
The results show weighted absorption coefficients (a;,) in the range of 0.30 to 0.75 depending on
the thickness and mounting conditions. These encouraging values make these materials useful for
efficient practical applications in indoor and outdoor environments.

Keywords: acoustics; acoustic measurements; sound absorption coefficient; cement-based materials;
building materials; pervious concrete; acoustic concrete

1. Introduction

The implementation of noise control strategies in outdoor environments is a chal-
lenging task for several professionals, and an increasing number of studies highlight the
importance of the architectural design on urban noise mitigation in canyon streets [1,2]
squares [3] and inner yards [4]. A detailed overview of the acoustic strategies used for the
building envelope design in order to improve the urban acoustic environment is given
in [5]. These studies have pointed out the need for sound-absorbing and -scattering materi-
als suitable for outdoor environments. Moreover, several indoor spaces such as airports,
train stations, schools, etc. are characterized by requirements similar to those of outdoor
spaces regarding highly durable and resistant acoustic materials. Therefore, this work
aims to investigate the sound absorbing properties of porous concrete of different mix
designs, thicknesses and mounting conditions, as this material results suitable for outdoor
and indoor applications. Compared to other porous sound absorbers, porous concrete
has the capability to withstand the atmospheric elements, and therefore it is suitable for
applications in outdoor and indoor environments when resistance, low deformability,
and high durability are required.
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Porous absorbers are the most widespread type of sound absorbers. According to
their microstructure, porous absorbers can be further classified into granular, cellular,
and fibrous [6,7]. The most fundamental properties of porous materials influencing their
sound absorbing properties are flow resistivity and porosity and second, pore shape factor
and tortuosity [7].

Conventional concrete is generally characterized by poor sound-absorbing properties,
as the prevailing phenomena occurring are sound reflections. In general, normal concrete
has an absorption coefficient value of 0.05-0.10 [8]. However, porous concrete has the
capability to work as a porous sound-absorbing material as it is characterized by high
porosity, i.e., open pore structure on its surface and an interconnected network of pores.
It is also known as pervious, gap-graded, permeable, or enhanced porosity concrete [9]
and is currently widely used in urban environments as paving material to support en-
vironmentally sustainable rainwater management [10]. It has been also exploited for its
acoustic absorbing properties in traffic noise barriers and railway noise reduction [11-13].
Pervious concrete mainly consists of normal Portland cement, coarse aggregates (aggregate
dimension greater than 5 mm), and water, which generate a void content that generally
ranges from 15% to 35% [10,14-16]. Pervious concrete acoustic panels belong to the class
of granular sound absorbers with pores created by the presence solid aggregates which
are bonded together by a cementitious binder. The key factor to allow sound absorption
to occur is the accurate definition of the quantity of binder to ensure that there is enough
binder to keep the aggregate together without clogging the pore network and still allow for
an appropriate resistance for its use and handling. Overall, the sound-absorbing properties
of granular materials tend to be uneven in frequency and to be characterized by peaks [17].

Different strategies have been proposed with the intent to improve the sound ab-
sorbing properties, i.e., with the aim to enhance the rate and the evenness of the sound
absorption provided by altering the microstructural properties of the pervious concrete.
Note that these strategies applied to the mix design aim to vary the fundamental properties,
i.e., flow resistivity, porosity, pore shape factor, and tortuosity, which control the absorbing
performance. Indeed, the sound absorption properties of porous concrete are strictly re-
lated to the void ratio of the concrete. Therefore, it is important to adequately control the
void ratio and aggregate type, which influence tortuosity and flow resistivity [18], pore size,
and pore aperture size, which are used to control porosity [8]. A higher void ratio leads to
higher and wider peak values in acoustic absorption coefficients, resulting in a shift of the
peak of the coefficient towards the higher frequencies [12,19,20].

The effect on sound absorption of the aggregate size and different aggregate types by
blending or combining them in multiple layers has been studied in [11,13,21,22]. Aggregate
size can be used to control the pore dimensions, as the median pore size increases for
increasing aggregate size [19,21]. With respect to aggregate size, it has been observed
that most previous studies endorse the use of aggregate with dimensions in the range
1 to 10 mm [11,21,22], as smaller aggregates would clog the pores, thus reducing porosity,
and bigger ones, despite increasing the pore volume, would reduce the tortuosity of the
pore network. When considering the use of different aggregate types such as lightweight
and normal-weight aggregates, the study in [22] suggests that lightweight aggregates
can absorb cement paste from micropores on the surface of the aggregates. As a result,
for an equal absolute volume ratio of aggregates, smaller size lightweight aggregates result
in slightly higher sound absorbing performance, as they have a larger total surface area
compared to bigger ones, and therefore the cement paste covering the aggregates can be
better absorbed when smaller aggregates are used and result in higher void ratio values
with respect to normal weight aggregates [22]. Other studies have investigated the use
of different materials as aggregates, such as crumb rubber, cenospheres, and recycled
aggregates [12,13,23-25]. The possibility of blending aggregates with different size in the
concrete matrix has been studied in [19,21], highlighting that, as a general rule, aggregate
size should be selected in order to ensure that smaller aggregates do not enter the pores
created by the bigger ones. Porous concretes with blends of aggregates of different materials
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have been tested in [11], where expanded perlite aggregates were replaced by different
percentages of slag, evidencing a nonlinear impact on the sound absorption performance of
the panels. Concrete samples featuring aggregates of different dimensions or material have
been combined into layers in [11,13,22], evidencing the coupling two layers of concrete
with the external one featuring aggregates with lower bulk densities or bigger pores sizes
compared to the back layer lead to increased sound absorbing performances.

Slight differences in sound absorption have been reported regarding the shape of the
aggregates; for instance, this was shown in [22], i.e., which has compared round shape
(lightweight) and irregular shape (normal weight) aggregates with similar gradation.

Moreover, as for all the acoustic porous materials, the thickness of the porous layer
also results as important for the acoustic absorption coefficient spectra. The principal
maximum peak of the absorption coefficient is displaced to lower frequencies when the
thickness increases [13,18,21]. However, there is a threshold regarding the thickness of
granular materials above which the absorption does not increase further [7]. Table A1l
(Appendix A) briefly summarizes the details and the main findings of previous research
investigating the effects of design factors on the sound absorption coefficient of porous
concrete. The studies which analyzed different aggregate size, material and shape, and on
panel thickness have been clustered evidencing if and the extent to which such variable
was found to have an influence on the sound absorbing properties of the panels.

Recent reviews on the strategies that have been proposed to enhance the sound
absorbing performances of concrete have been presented in [17,26]. However, these reviews
highlight the fact that further research is required to provide larger datasets to refine and
produce better estimation of the sound absorption of concrete materials.

Therefore, the following study aims to provide further experimental data on the
investigation of some design guidelines for sound absorbing concrete emerging from the
past research regarding the aggregate shape and size. The present study investigates,
through a systematic research approach, the effects of concrete mix design (four different
conditions), sample thickness (three different conditions), and mounting conditions (three
different conditions) on the absorption properties of porous concrete tested in a small-scale
reverberation room (SSRR). Therefore, the main aim of this study is to define the sample
configuration that could lead to an increase of the sound absorption properties of concrete
panels. More than 30 different combinations of the aforementioned variables have been
considered. Note that besides providing a useful database of measured data in addition to
previous research, this work presents novel configurations, that is, mounting conditions
with an air gap and combination in multiple layers with other porous materials. To the
authors’ knowledge, this has not been studied in previous literature.

This work aims to increase awareness on the porous concrete properties among several
professionals such as architect, designers, acousticians, policy-makers, etc. that deal with
noise control strategies in outdoor and indoor environments.

2. Materials and Methods
The research has been organized through the following steps:

(1) Selection of different concrete mix design and preparation of samples for
the measurements.

(2)  Selection of different mounting methods.

(3) Measurement of the frequency-dependent sound absorption as in the SSRR.

(4) Computation of the weighted sound absorption coefficients as single index ay,
and comparisons.

2.1. Tested Concretes

Information regarding the porous concrete types, identified with the letters A, B,
C, and D, are summarized in Table 1. The following parameters are reported: aggre-
gate size (according to EN 933-2:2020 [27]), aggregate particle density (according to EN
1097-6:2013 [28]), void ratio (according to ASTM C1754/C1754M [29]), flexural strength
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(according to EN 12390-5:2019 [30]), previous concrete density (according to ASTM C1754/
C1754M [29]), and water permeability (according to ASTM D2434-19 [31]). Two different
types of aggregates have been used in the mix design: normal weight and lightweight.
The normal weight aggregates have been used in concrete type A and have an irregular
shape with an average dimension of 4-8 mm, while the lightweight aggregates have an
almost perfect round shape, i.e., spherical, with different dimensions ranging between
4 and 8 mm, 2 and 4 mm, and 0.5 and 1 mm for concretes B, C, and D, respectively.

Table 1. Four mix design of porous concrete characteristics with respect to: aggregate size, aggregate particle density,
void ratio, flexural strength, previous concrete density, and water permeability.

Aggregate Aggregate Aggregate Void Flexural Pervious Water
Concretes Tvpola Size Particle Ratio Strength Concrete Permeability
ypology [mm] Density [kg/m®] [%] [MPa] Density [kg/m®] [mm/s]
crushed
A normal weight 4-8 2650 £ 30 25+£2 35+05 1955 £ 20 95+ 11
aggregates
round
B lightweight 4-8 905 + 85 2543 1.5£03 932 £ 35 109 £1.7
aggregates
round
C lightweight 2-4 325+ 35 25+2 1£02 514 + 20 74+£09
aggregates
round
D lightweight 0.5-1 510 £ 70 20+£2 05£01 682 + 15 3.6£05
aggregates

Details of the aggregate shape can be visualized in Figure 1.

Figure 1. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round lightweight aggregates 4-8 mm;
Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.
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Concrete A differs significantly from the other three regarding the concrete density
value, which is strongly affected by the higher values of the aggregate particle density.
The four concretes present a similar void ratio. However, while this parameter is constant
for concretes A, B, and C, it decreases for concrete type D, which features smaller aggregates.
It can also be noticed that there is a decrease in the flexural strength for lower densities and
smaller aggregate dimensions.

For each concrete, three different sample types have been manufactured with three
different thicknesses, i.e., 20 mm, 40 mm, and 60 mm (Figure 1); for each of them, three sam-
ples have been produced. The panels are square-shaped in plan with a side dimension of
60 cm. Three different mounting conditions were tested for the samples with a thicknesses
of 20 and 40 mm, that is, coupling different samples in multiple layers (Figure 2), adding a
50 mm air gap between the sample and the room floor (Figure 3), and adding a layer of
fibrous material (rock wool) in the air gap itself (Figure 4). The identification codes of the
samples and mounting conditions have been summarized in Table 2. The coupling of differ-
ent samples in multiple layers has been performed only within the same concrete in order
to compare their performance with single layers of the same thickness and investigate any
anisotropy at the back surface of each layer. The multiple layer configuration is obtained by
superimposing one panel to the other, with no joint or glue connecting them. This mount-
ing solution could be practically useful when modular solutions are explored and would
limit the need for different formwork thicknesses. The introduction of a rock wool layer
in the air gap has been tested with sample D of 20 mm thickness only as it resulted in the
highest sound absorption performances compared to the 20 mm samples of A, B, and C
concretes. In this case, two thicknesses of the rock wool layer—30 and 50 mm—have been
introduced in the air gap.

Figure 2. Multiple layers of 20 + 20 mm and 20 + 40 mm. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B):
round lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2—4 mm; Sample (D): round lightweight

aggregates 0.5-1 mm.
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Figure 3. Mounting on 50 mm air gap. Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round
lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight
aggregates 0.5-1 mm.

Figure 4. (a) 30 mm and (b) 50 mm rock wool filling 50 mm air gap. (c) Sample D of 20 mm over one of the two conditions.

Table 2. Summary of the tested samples and configurations of the porous concrete. Single layers
have been tested in configurations of multiple layers, with air gap and with rock wool in the airgap
(+tested and —untested configurations of single layers).

Concrete Overall Layer Thickness [mm] Air Gap Rock Wool
Type Thickness [mm]  Single Layer ~Multiple Layers 50 mm  Thickness [mm]

20 20 + -

A 40 40 20 +20 + -
60 60 20 + 40 - -
20 20 + -

B 40 40 20 +20 + -
60 60 20 + 40 - -
20 20 + -

C 40 40 20 + 20 + -
60 60 20 + 40 - -
20 20 + 30

b 50
40 40 20 + 20 + -
60 60 20 + 40 - -

The assessment of the sound absorbing performances has been conducted in the small-
scale reverberation room (SSRR) of Politecnico di Torino (Italy), following the procedure
indicated in the ISO 354 Standard [32]. The reliability of the measurement was tested with
respect to reproducibility and repeatability, by repeating the measures three times on three
different samples of the same typology and considering their arithmetic mean to describe
the performances of each type. The sound absorbing properties are expressed as 1/3 octave
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band sound absorption coefficients («) and also as weighted sound absorption coefficients
(ay) for an easier comparison.

2.2. Sound Absorption Coefficient Measurements

The small-scale reverberation room (Figures 1-4) is installed in the Applied Acous-
tics laboratory at DENERG (Department of Energy, Politecnico di Torino, Torino, Italy).
The room has been primarily built for random-incidence scattering coefficient measure-
ments according to ISO 17497-1 [33], but it is also suitable for measurement of sound
absorption coefficient according to ISO 354 [32,34]. It is an oblique angled room with pairs
of non-parallel walls with a volume of 2.86 m® and a total area of 12.12 m?. A more detailed
description of the room construction has been provided in Shtrepi and Prato [35].

The measurement procedure consists in using the integrated impulse response
method [32] for simultaneous measurements on six different microphone positions in
two conditions, i.e., with and without the sample inside the room. The measurement chain
consists of six 1/4” BSWA Tech MPA451 microphones and ICP104 (BSWA Technology Co.,
Ltd., Beijing, China), two ITA High-Frequency Dodecahedron Loudspeakers with their
specific ITA power amplifiers (ITA-RWTH, Aachen, Germany), and a sound card Roland
Octa-Capture UA-1010 (Roland Corporation, Shizuoka, Japan). This setup allows to per-
form 12 measurements, which refer to the minimum number required by ISO 354:2003 [32].
The software used for the measurements, i.e., sound generation, recording, and signal
processing, is MATLAB combined with the functions of the ITA-Toolbox (an opensource
toolbox by RWTH-Aachen, Aachen, Germany) [36].

For each of the 12 measurements the reverberation time relative to a 20 dB decay,
i.e., Ty, is evaluated and used to estimate the Ty, i.e., the reverberation time occurring
for a 60 dB decay, as done in the full-scale reverberation room (FSRR) data processing.
The data are spatially averaged with the ensemble averaging method in order to obtain
the reverberation times T and T,, which are obtained without and with the sample inside
the room, respectively. Equations (1) and (2) are applied to estimate the random-incidence
absorption coefficient «s.

The difference between T and T, measurements is used to calculate the variation of
the equivalent sound absorption area At [m?] based on Sabine’s theory:

Ar = 55.3V(£ — ﬁ) —4V(my —my) 1)
where T1 and T [s] are the reverberation times of the empty reverberation room and of the
reverberation room with the test specimen, respectively; V' [m3] is the volume of the empty
reverberation room; ¢; and ¢; [m/s] are the propagation speed of sound in air in the room
without and with the sample: ¢; =331 + 0.6 ty, t; [°C] is the air temperature; and m; and m;
[m~1]is the power attenuation coefficient of the climatic conditions in the reverberation
room without and with the sample (calculated according to ISO 9613-1 [37]).

The random-incidence absorption coefficient «; is defined as

_Ar

- @

s
where S [m?] is the area covered by the test sample. Note that the edge area is included in
the calculations of S considering the four concretes as isotropic materials [38].

3. Results

The results of the measured sound absorption coefficients are reported in the graphs
in Figures 5, 7 and 8 and discussed in separate sections, based on the tested conditions, i.e.,
thickness and mounting method for each concrete type (A-D). Figures 5, 7 and 8 present an
immediate reading of the design factors considered within the sample typology to evidence
improvements/deterioration given the mix design. Furthermore, the figures in Appendix B
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compare the results of considered panel samples (A-D) for a given design factor, in order to
help the reader with a more immediate understanding of the differences between samples
(A-D). In the end, more general conclusions are drawn to compare the performances of the
different sample types. Moreover, the single index for weighted sound absorption («) in
SSRR measurements has been estimated and used for comparisons.

3.1. Effect of Sample Thickness and Concrete Type

Figure 5 shows the graphs of the four samples (A-D) for three different thicknesses
of the single layers. Overall, the absorption spectra of panels A are uneven, and tend
to provide poor absorption (<0.25) at frequencies lower than 630 Hz, while at higher
frequencies, the sound absorption coefficients ranges between 0.40 and 0.70 for panels
with either 40 mm or 60 mm thicknesses. The 20 mm thick panel features an absorption
peak at 3150 Hz, which reaches the value of 0.90 and provides a poor absorption (<0.25)
at frequencies lower than 2000 Hz. The 40 and 60 mm panels present a higher absorption
coefficient with respect to the 20 mm panels in the 500-2000 Hz frequency range.

Sample B (Layer combination)

Sample A (Layer combination)
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Figure 5. Comparison of the absorption coefficients for samples (A-D) with different thicknesses obtained from multiple
layer combinations (20, 40, 20 + 20, 60, and 20 + 40 mm). Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B):
round lightweight aggregates 4-8 mm; Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight
aggregates 0.5-1 mm.

The absorption spectra of samples B are uneven and tend to provide poor absorption
(<0.25) at frequencies lower than 630 Hz for panels with either 40 mm or 60 mm thick-
nesses, while at higher frequencies the absorption coefficient ranges between 0.20 and 0.60.
The 20 mm thick panel features an absorption peak at 2500 Hz of about 0.60 and provides
poor absorption (<0.25) at frequencies lower than 1600 Hz. This might be due to the curing
process of the 40 mm sample, which might have led to lower porosity of these samples.

The absorption spectra of panels C are also slightly uneven and tend to provide
poor absorption (<0.25) at frequencies lower than 630 Hz for panels with either 40 mm
or 60 mm thicknesses, while at higher frequencies, the absorption ranges between 0.40
and 0.80. The 20 mm thick panel features an absorption peak around 4000 Hz, achieving
a value of 0.90 and provides poor absorption (<0.25) at frequencies lower than 1600 Hz.
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The absorption coefficient for this thickness becomes lower than 0.25 at frequencies below
2000 Hz. The 60 mm sample reaches significant high values of absorption coefficient (>0.40)
at 800 Hz, while the 40 mm panel at 1250 Hz.

The absorption spectra of panel D are more even than the other three typologies,
and tend to provide significant absorption (>0.40) at frequencies higher than 630 Hz
for panels with either 40 mm or 60 mm thicknesses, where the sound absorption ranges
between 0.40 and 1. The 20 mm thick panel feature an absorption peak between 2500 Hz and
4000 Hz, achieving a value of 1.20; the peak is broader than those featured by 20 mm thick
panels of types A—C. Values higher than 1 may occur in the measurements with finite sample
size for materials with high absorption properties [39,40]. The 20 mm sample of panel D
achieves significant absorption (>0.40) above 1000 Hz, while for panels A-C, this occurred
above 2500 Hz, 2000 Hz, and 3150 Hz, respectively. The sound absorbing performances of
thicker panels are extended towards the lower frequencies, in the range below 1600 Hz.
Indeed, for the thicker panels (40 mm and 60 mm), the significant absorption range is
extended in a similar way down to 630 Hz.

3.2. Effect of Sample Mounting in Multiple Layers

The graphs in Figure 5 show the absorption coefficients of the four sample types
both in the single layer and multiple layer configurations with panel thicknesses of 20, 40,
and 60 mm, for an easier comparison. Sample A graph shows that the sound-absorbing
performances achieved when coupling two panels of 20 mm thick are comparable to
those achieved by a single panel with a thickness of 40 mm. A similar trend is observed
comparing the 60 mm thick panel with the combination of 20 + 40 mm thick panels.
However, there are some differences occurring above 1250 Hz. It can be observed that
above 2500 Hz both the 20 + 20 mm and the 20 + 40 mm combination show lower values of
sound absorption compared to the 40 and the 60 mm single layers samples, respectively.
It can be noticed that the multiple layer 20 + 40 mm of sample A outperforms the 60 mm
sample only at the 800 Hz peak and in the frequency range 1250 to 2500 Hz.

Sample B graph shows that the sound absorbing performances achieved when cou-
pling two panels 20 mm thick are comparable to those achieved by a single panel with
a thickness of 40 mm. However, the combination 20 + 20 outperforms the 40 mm single
layer panel in the range of 1000 to 2000 Hz. By contrast, the performances of the 60 mm
thick panel are higher than those of 20 + 40 mm thick panels combined for frequencies
higher than 1600 Hz. The multiple layer 20 + 40 outperforms the 60 mm sample in the
range 630-1250 Hz.

The results of Sample C show that the sound absorbing performances achieved when
coupling two panels that are 20 mm thick are slightly lower than those achieved by a
single panel with a thickness of 40 mm, particularly for frequencies range 800-2000 Hz and
above 3150 Hz. The performances of the 60 mm thick panel are comparable with those
achieved by the combination of 20 + 40 mm thick panels. However, the multiple layer
20 + 40 outperforms the 60 mm sample in the range 1250-2500 Hz.

Sample D results show that the sound absorbing performances achieved when cou-
pling two panels 20 mm thick are comparable to those achieved by a single panel with a
thickness of 40 mm. A similar trend is observed comparing the performances achieved by
a 60 mm thick panel with that of the combination of 20 + 40 mm thick panels. This might
be due to the high and uniform porosity obtained for all the samples of type D compared to
the other panel types, as seen in Figure 6. In these cases, further care should be put in the
treatment of the mix design and its curing in samples A, B, and C, as heavier aggregates
might sediment and result in nonuniform distribution of the pores within the panel and its
front/back surfaces.
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Figure 6. Back surface for Sample (A): crushed normal weight aggregates 4-8 mm; Sample (B): round lightweight aggregates
4-8 mm; Sample (C): round lightweight aggregates 2-4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.
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3.3. Effect of Sample Mounting with an Air Gap

The graphs in Figure 7 show the four sample types (A-D) mounted with an air gap of
50 mm between the panel and the rigid backing, i.e., the SSRR floor. The graph of Sample
A shows that the performance is enhanced at the lower frequencies when an air gap is
left between the panel of 20 mm and the backing, while the sound absorption at high
frequencies decreases. The maximum peak is shifted at lower frequencies, i.e., at ~630 Hz,
with an absorption coefficient of ~0.60. The 40 mm layer seems to be less affected by the
presence of the air gap and the maximum peaks remain unvaried in frequency for this
thickness. However, a slight decrease is reported at high frequencies and an increase of
about 0.10 is observed at the peak value corresponding to 1250 Hz.

Sample B (Thickness = 20, 40 mm + airgap 50 mm)
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Figure 7. Comparison of the absorption coefficients for samples (A-D) of different thicknesses (20 and 40 mm) mounted
with an air gap of 50 mm. Sample (A): crushed aggregates 4-8 mm; Sample (B): round lightweight aggregates 4-8 mm;
Sample (C): round lightweight aggregates 2—4 mm; Sample (D): round lightweight aggregates 0.5-1 mm.

Sample B shows different trends for the 20 mm and 40 mm layers. However, when an
air gap is left between the panels and the backing, the performance is enhanced at the
lower frequencies for the 20 mm and 40 mm layers. The high frequency sound absorption
decreases for the 20 mm layer when the air gap is added, while the maximum peak is shifted
at lower frequencies, i.e., at ~630 Hz, with an absorption coefficient of ~0.60. The 40 mm
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layer seems to be less affected by the presence of the air gap at high frequencies above
2000 Hz. Conversely, the air gap seems to decrease the absorption over the 630 to 2000 Hz
range for the 40 mm layer. A peak value appears at the frequency of 200 Hz with a value of
about 0.55 of the absorption coefficients.

Sample C shows a decrease of the absorption coefficient at high frequencies for both
20 mm and 40 mm layers when an air gap is left between the panels and the backing.
For the 20 mm panel, this is significant above 2500 Hz, while for the 40 mm panel, it is
more evident in the 1000 to 2500 Hz range. The performances are slightly enhanced at the
lower frequencies in the range 315 to 800 Hz for the 20 mm sample and in the range 315 to
2500 Hz for the 40 mm sample, with the maximum peaks that are shifted at 630 Hz and
800 Hz, respectively.

The sound-absorbing performances of sample D show a decrease at high frequencies
when an air gap is left between the panels and the backing above 1600 Hz and above
800 Hz for the 20 mm and 40 mm panels, respectively. Nevertheless, the sound absorption
coefficients in those ranges result above 0.55. The performances are enhanced at the lower
frequencies, where several peaks appear around 250 Hz, 400 Hz, and 800 Hz. The absorp-
tion coefficient increases for both thicknesses in the 160 to 630 Hz range when the air gap is
added, showing a very similar trend for both 20 mm and 40 mm panels.

Effect of Sample Mounting with an Air Gap Filled with Porous Material

The previous sections showed that sample D presents the highest sound absorption
coefficients extended over the broader range of frequencies. In order to further improve the
performance of the combination of panel D with an air gap, another strategy has been used
considering the air gap filled with porous material. The introduction of a rock wool layer
in the air gap has been tested with the sample of 20 mm thickness only. Two thicknesses
of the rock wool layer, that is, 30 and 50 mm, have been introduced in the air gap. Recall
that the air gap considered here is of 50 mm. Therefore, the first layer of rock wool (30 mm)
allowed to have a 20 mm air gap left between the concrete sample and the rock wool layer,
while the 50 mm rock wool allowed to test a fully filled air gap.

Figure 8 shows that the with the insertion of 30 mm and 50 mm rock wool in the air
gap the sound absorption coefficients have very similar trends above 630 Hz. Generally,
the combination of an air gap with a porous material (e.g., rock wool) is shown to improve
the acoustic performance down to 250 Hz. A peak value at 800 Hz is further increased
when the air gap is filled with rock wool compared to the empty condition. Furthermore,
a significant improvement is obtained in the 250 to 800 Hz frequency range reaching values
of sound absorption coefficients of 0.60-0.90.

Sample D (Thickness = 20, 40 mm + airgap 50 mm + rockwool}
120

el
K o
1.00 . '."
e o ,o’
= 060 -
0.40
B < @:D20

00 .-® =8 <D20+airgap
. ==o=D)20+airgap+rockwool 30mm

D20+airgap-+rockwool S0mm
0.00

100 125 160 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000

Frequency [Hz]

Figure 8. Sample D single layer of 20 mm combined with an air gap of 50 mm filled with a rock wool
layer of 30 and 50 mm.
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3.4. Single Number Acoustic Index ay,

Based on the above results, the weighted sound absorption coefficients a;, derived
from the SSRR measurements were calculated. These single indices are useful for an
immediate and practical comparison of the performance of different conditions. The higher
the ay, values, the better the material capability in sound absorption. Their values normally
range from 0 to 1, with 1 meaning 100% sound absorption.

The weighted sound absorption coefficient &, is derived from practical sound ab-
sorption coefficients, a, which is calculated as an average of the one-third octave sound
absorption coefficients within the octave in accordance with ISO 11,654 [41]. Weighted
sound absorption coefficient a,, can be obtained with the reference curve (azs0 = 0.8; w500 = 1;
a1000 = 1; a2000 = 1; 4000 = 0.9), which is shifted in steps of 0.05 towards the a;, values until
the sum of unfavorable deviations is less or equal to 0.10. The unfavorable deviations
occur when the measured value is lower than the value of the reference curve. Finally,
the weighted sound absorption coefficient is the value of the adjusted reference curve at
500 Hz.

Table 3 shows that there are a few differences among the single indices within each
concrete data. It is evident from these values that the highest performance is obtained for
panel type D. The a;, values for the single layer of type D samples become significant (>0.40)
for a thickness of 60 mm. The single layers of 20 mm and 40 mm present an improvement
of the &, values when they are mounted with an air gap behind (a, = 0.50). This mounting
condition performance is further improved when the air gap is filled with a porous material.
It can be noticed that when the entire gap is filled with rock wool (50 mm), the highest ay,
is obtained. A significant improvement due to the air gap is also obtained for sample C,
while a slight improvement is reported for sample A. Conversely, depending on the sample
thicknesses, sample B values of ay, are either not affected or reduced when the air gap is
added at the back of the 20 mm and 40 mm thick layers, respectively.

Table 3. Comparison of single acoustic indices related to the weighted absorption coefficient («;) for
the four concrete types (A-D).

Sample Characteristics A B C D
20 mm 0.10 0.10 0.10 0.20
40 mm 0.15 0.25 0.15 0.30
60 mm 0.25 0.25 0.25 0.45
20 + 20 mm 0.15 0.25 0.15 0.30
20 + 40 mm 0.20 0.25 0.25 0.40
20 mm + 50 mm air gap 0.20 0.10 0.35 0.50
40 mm + 50 mm air gap 0.20 0.10 0.30 0.50
20 mm + 50 mm air gap (rock wool 30 mm) 0.70
20 mm + 50 mm air gap (rock wool 50 mm) 0.75

4. Discussion

Given the results herein, a few aspects can be highlighted with respect to previous
findings presented in Section 1 and Appendix A. The sound-absorbing properties of the
panels under examination (i.e., A-D) were generally found to be extended towards the
lower frequencies with increasing thicknesses of the panels (i.e., 20 mm, 40 mm, or 60 mm).
The result is coherent with the findings of previous studies, such as in [13,18,21]. However,
panel B exhibits an unexpected behavior, as while the sound absorbing properties of the
thicker panels are higher at lower frequencies compared to the 20 mm sample, as it can
be seen in the 500 to 1600 Hz frequency range, the 20 mm thick sample outperforms the
40 mm thick one in the range of 1600 to 4000 Hz. Moreover, no peak shift towards the
lower frequencies is reported for the 60 mm thick panel compared to the 40 mm thick one,
as both present an absorption peak at 800 Hz. These two aspects may suggest that the
superficial and inner porosity of panels B are not uniform among the different thicknesses.
Moreover, it can be argued that for this typology that the thickness threshold is ~40 mm,
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i.e., no further increase of the absorption coefficient below 800 Hz is obtained with the
thickness increase from 40 to 60 mm [7]. Sample D outperforms the other typologies and
confirms that its superficial and inner structures are made of many small and uniformly
distributed pores and apertures connected with each other and with the outer surface [11].

When comparing samples with round lightweight aggregates, i.e., B-D, it can be
observed that there is a decrease in the sound absorption when the aggregate size increases
from 0.5-1 mm (sample D) to 4-8 mm (sample B). This is due to an increase in the median
pore size when increasing aggregate size as shown in [21], which would reduce the tortuos-
ity of the pore network, thus resulting in lower absorption values. Indeed, sample D has a
lower water permeability (Table 1), which is inversely correlated to tortuosity [42]. More-
over, note that sample A with crushed normal weight aggregates results in higher values of
the absorption coefficient when compared to sample B, which has similar void ratio (25%)
and aggregate dimensions (4-8 mm) to sample A, but features different aggregate shapes
and densities, i.e., round lightweight aggregates. This might be due to a higher tortuosity
enabled by internal pores with varied size connected to the surface, which is coherent with
the aspects highlighted in [11]. This kind of difference was not observed in previous studies,
that is, the work in [22], where only slight differences between round-shape (lightweight)
and irregular shape (normal weight) aggregates with the same gradation were found.

When considering panels composed of two layers, the presented results have high-
lighted some discrepancies between the sound absorbing performances of multilayered
panels and those of a single layer panel of the same thickness in case of panel samples A—C.
Conversely, samples D in the multilayered and single layer solution of equal thickness
exhibit similar performances. This behavior may be linked to the different degrees of unifor-
mity in the pore distribution of the different panel samples. In samples D, both sides of the
panel present a uniform distribution of the pores apertures and the measurement results
also suggest a higher connection of the internal pores to the surface as highlighted in [11].
Differently, for samples A-C, the closed pores presented in the back side of the panels
(Figure 6) may not allow full activation of the absorption of the second layer. This high-
lights that the sound absorption performances of such sample may be improved if greater
attention is paid during the treatment of the mix design and its curing in samples.

By comparing the sound absorbing performances of the different panel types measured
mounted with an air gap of 50 mm, it emerges that the panel type D outperforms the other
typologies. It presents a more uniform frequency-dependent sound absorption, a broader
frequency range of high values of absorption coefficient, and absorption coefficients higher
than those of other panel typologies. The performances of panels type C are slightly better
than those of panels A and B. The worst performance is presented by panel type B, which is
generally associated with the lower sound absorbing coefficient throughout the spectrum.
This might be due to the effect of regular and bigger aggregates, which lead to reduced
tortuosity of the pore network [21]. However, the behavior of samples A, B and C does not
change much with the air gap, suggesting that the sound is at least partly blocked by the
sample. Indeed, as it was highlighted also for the multilayer investigation, for the other
three typologies the back sides of the panels (Figure 6) present a higher number of closed
pores, which do not allow to fully activate the absorption due to the combination with the
air gap.

Generally, when considering the additional layer of air gap, note that the performance
of the 20 mm sample behaves as a layer of microperforated panel mounted with an air
gap, i.e., presenting a clear sound absorption coefficient peak at low frequencies with poor
values at higher frequencies [7]. This similarity is more evident for samples A and B, which
are expected to have pore networks with lower tortuosity due to the greater dimension of
the aggregates (4-8 mm) as presented in [21]. The 40 mm sample shows a similar behavior,
which can resemble that of a multilayer microperforated panel (MPP) [43]. In this case,
the thickness of the panel allows for a higher tortuosity of the pore network, which still
allows for some absorption at higher frequencies. Indeed, the microperforated panel sound
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absorption model presented by Maa [44,45] has been used in several studies to describe
the acoustic behavior of concrete.

By partially or completely filling the air gap at the back of the 20 mm thick sample D
with rock wool as porous material within the air gap, the sound absorbing performances
were reported to improve down to 250 Hz. This is because the air resonance in the air gap
and porous material layer is further damped by the porous material layer. This is coherent
with the findings related to MPPs [43] and highlights the improvements on absorption
with broader bandwidth and lower frequencies efficiency. These solutions’ results are
appropriate for several outdoor applications dealing with railway noise and traffic noise
reductions and feature a spectrum of interest in the range of 125 to 4000 Hz [46]. Moreover,
the investigated mounting systems could be integrated with structural multilayer building
facades [47,48].

Note that it was observed that although sample D results with the highest performance
in terms of evenness and rate, it presents poor performances related to wear resistance
compared to the other types, which may hamper their application in actual scenarios if no
facings or other protective solutions are used. Another option is to use panels of type B
and C, which, when coupled in layers of 20 + 40 mm, reach sound-absorbing performances
close to those of the same configuration of panels type D for frequencies higher than 800 Hz.
Alternatively, a systematic investigation may be useful to detect the thresholds values
of the concrete parameters (e.g., paste volume) in order to obtain acceptable mechanical
properties and still preserve highly efficient acoustical properties.

The study highlights the necessity to develop a higher number of experimental inves-
tigations by controlling the variables of the mix design in more systematic way. This ap-
proach has been possible to follow only through model applications as in [45].

5. Conclusions

The present study has been carried out in order to characterize the sound absorbing
performances of a set of porous concrete panels varying in concrete mix design (A-D),
thickness and mounting method. The measurements have been conducted in the 1:5 scale
reverberation room of the Politecnico di Torino, in accordance with the ISO 354-1:2003
standard. The sound absorbing performances of the different panels have been described
as 1/3 octave band and as weighted sound absorption coefficient ;. The following
conclusions have been drawn.

(i)  The mix design with the smallest round lightweight aggregate dimensions (0.5-1 mm),
referred to as panel D, gave the most effective sound absorption coefficient for all the
three sample thicknesses as well as for the mounting condition with an air gap at their
back. It was shown that the worst performing mix design feature round lightweight
aggregate with the greater dimensions (4-8 mm) referred to as panel B.

(i) Samples with crushed normal weight aggregates of 4-8 mm, referred to as panel A,
showed higher values of absorption coefficients compared to samples with round
lightweight aggregates of the same dimensions. The performance is comparable to
that of the sample with round lightweight aggregates of smaller gradation (2-4 mm)
referred to as panel C. This was attributed to the pores dimensions and inner distribu-
tion which affects the pores tortuosity.

(ili) The sound-absorbing performances of the porous concrete panels tend to increase at
low frequencies for greater panel thicknesses. In most cases, solutions with single
panels or double-layered panels of an equivalent thickness provide similar perfor-
mances. This mounting solution could be useful in practice for modular solutions
and to limit the need for different formwork thicknesses.

(iv) The mounting method is shown to greatly influence the sound-absorbing perfor-
mances. For all porous concrete types considered, the sound absorption performances
are enhanced for lower frequencies by leaving a 50 mm air gap behind the panel.
However, the air gap significantly lowers the high frequencies performance of the
thinnest samples (20 mm).
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(v) The frequency dependent absorption coefficient and the weighted absorption coeffi-
cient ay, comparisons showed that, depending on the mounting method, the perfor-
mance of the concrete samples with aggregate dimensions of 0.5-1 mm, i.e., panel
D, can be further improved. The &, reaches values 0.50 and 0.75 for the condition
with an empty air gap of 50 mm and air gap completely filled with a rock wool
layer, respectively. These values are comparable to those of most used conventional
porous materials.

Note that the mix design mechanical properties remain a crucial aspect that need to
be considered when the applicability of such materials is discussed. It was observed that
the material with higher acoustic performance (round lightweight aggregate of 0.5-1 mm)
presents poor performances related to wear resistance, which makes the application of such
panels in actual scenario impractical. Therefore, we endorse further testing in the attempt
to find the most performing solution balancing sound absorption with wear resistance
performances. Alternatively, when wear resistance is required, it is possible to use panels
of type B and C, which, when coupled in layers of 20 + 40 mm, reach sound-absorbing
performances close to those of the same configuration of panels type D for frequencies
higher than 800 Hz.

Further research could be conducted along this line of research to explore other
mix design and mounting method strategies to hopefully increase awareness about the
potential benefits of the application of sound absorbing porous concrete in the frame of
the architectural and urban design strategies. Such research may include (1) acoustic
absorption of materials with blended aggregates of different dimensions, weights and
shapes, (2) acoustic absorption for alternative mounting methods, (3) acoustic absorption
modeling of porous concrete of single layers and multilayer structure, and (4) possible
applications in case studies for outdoor and indoor environments.
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Appendix A

Summary of the main findings of past studies on the effect on sound absorption of
aggregate size.
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Table Al. Summary of the main findings of past studies on the effect on sound absorption of aggregate size, dimensions
and type, and panel thickness. Abbreviations used in the table body: lightweight (LW); normal weight (NW); limestone
(LS); aggregate (aggr.); sound absorption («).

Mix Design

. Effect [Refs] Details Method Main Findings
Variable
Influence [11] 0-2mm/ Single sized 1-3 mm and 1-5 mm aggr. result in higher «
1-5 mm/1-3 mm ng z 88T ! &
Single sized Concrete with 2.36—4.75 mm and 4.75-9.5 mm aggr.
2.36-4.75 mm/ 8 provide higher « than that with 9.5-12 mm aggr.
Influence [19,21] 4.75-9.5 mm/ The effect of blending aggr. on a varies depending
9.5-12 mm Blended on the aggr. size. Best performance with blends of
2.36-4.75 mm and 4.75-9.5 mm aggr.
Agg'regate Limited 4-8 mm/8-12 mm/ Sinele sized Slight increase in & for smaller aggr. (4-8 mm)
size influence [22] 12-19 mm & compared to bigger ones
Sinele sized Concrete with aggr. dimensions >5 mm feature
>5 mm/ & higher « than alternatives with smaller aggr.
Influence [12,13] 1.25-5 mm/ Three-layered solutions with the aggr. dimensions
<1.25 mm Layered from exterior layer) of >5 mm/1.25-5 mm/
y Y
<1.25 mm result in the higher
. 8-13 mm/ The variation of aggr. dimensions in the back layer
No influence [22] 13-19 mm Layered does not affect the o
Expanded Expanded perlite aggr. provides the highest « with
perlite/slag/ Single type : .
; respect to slag and clay ceramsite
clay ceramsite
o The a decrease with the relative increase in content
Influence [11] %o replacement .
of slag over expanded perlite aggr.
Expanded
perlite/slag The combination of 8 cm slag (lower layer) and
Layered 12 cm expanded perlite (upper layer) is the most
performing one among those considered
LW + NW Layered solution with LW aggr. in the exterior
Influence [22] aggr./only Layered layer and NW aggr. in the back layer outperform
LW aggr. single layer with LW aggr.
A slight increase in « is reported for crushed NW
Limited . aggr. in comparison to rounded LW ones with
influence [22] NW/LW aggr. Single type similar sizes. The results do not seem consistent
Aggregate when varying the thickness of the concrete panel
material .
Influence [13] Bottom ash vs. Single type Bottom ash concrete results in higher or

normal aggr.

comparable « than a typical porous concrete sample

Influence [23]

Crumb rubber/fine
normal aggr.

% replacement

Replacing fine aggr. with crumb rubber ones
increase «, for increasing percentages of
replacement (up to 20%)

The replacement of LS aggr. with bottom ash and

Bottom . 9o
o recycled aggr. result in higher «; the 2 nd peak

Influence [24] ashL/;‘%acycIl'ed/ %o replacement shifts towards the higher frequencies for higher

88t percentages of replacement

Recycled ager./ With equal target void ratio, the effect of replacing
No influence [20] }I:S a f’g ' % replacement LS aggr. with recycled ones had very
88t slight influence
Cenosphere The increase of volume fraction of cenospheres

Influence [25] ad difion Single type result in increased & from 0 to 20 to 40%; further

increases result in lower performance
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Table A1. Cont.

Mix ]?emgn Effect [Refs] Details Method Main Findings
Variable
A slight increase of « is reported for crushed NW
Aggregate Limited Crushed/rounded Sinele type aggregates in comparison to rounded LW ones with
shape influence [22] aggr. gle typ similar sizes. The results do not seem consistent
when varying the thickness of the concrete panel
Thickness Influence Panel thickness Sinele laver The peak of the « is displaced to lower frequencies
[13,18,21] variation g Y for increasing panel thicknesses
Appendix B
Graphs supplemental to the results provided as a direct comparison between different
concrete typologies regarding thickness variation, multilayer combination, and mounting
condition over an airgap.
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Figure A1. Comparison of the absorption coefficients for samples A—-D with different thicknesses. Sample A: crushed normal
weight aggregates 4-8 mm; Sample B: round lightweight aggregates 4-8 mm; Sample C: round lightweight aggregates
2—4 mm; Sample D: round lightweight aggregates 0.5-1 mm.
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Figure A2. Comparison of the absorption coefficients for samples A-D with different thicknesses obtained from multiple
layer combinations (20 + 20 and 20 + 40 mm). Sample A: crushed normal weight aggregates 4-8 mm; Sample B: round
lightweight aggregates 4-8 mm; Sample C: round lightweight aggregates 2-4 mm; Sample D: round lightweight aggregates
0.5-1 mm.
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Figure A3. Comparison of the absorption coefficients for samples A-D with different thicknesses (20 and 40 mm) mounted
over an airgap of 50 mm. Sample A: crushed normal weight aggregates 4-8 mm; Sample B: round lightweight aggregates
4-8 mm; Sample C: round lightweight aggregates 2-4 mm; Sample D: round lightweight aggregates 0.5-1 mm.
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Abstract: From a construction point of view, neighborhoods with residents living at or below
the poverty threshold are characterized by low energy efficiency buildings, in which people live
in acoustic discomfort with no viable options for home improvements, as they usually can not afford
the materials and labor costs associated. An alternative to this is to use low-cost insulating elements
made of non-conventional materials with acceptable acoustic properties. Given that household
materials at their end-of-life (EOLHM) are free of costs and available also to the more disadvantaged
population, they can be used to build acoustic panels for such contexts. This approach embraces sev-
eral benefits since it reduces the amount of waste produced, the footprint deriving from the extraction
of new raw materials and, by highlighting the potential of the EOLHM, discourages the abandonment
of waste. In this paper, the acoustic properties of EOLHM, such as cardboard, egg-cartons, clothes,
metal elements and combinations of them, are investigated by means of the impedance tube tech-
nique. The measured sound absorption coefficient and transmission loss have shown that EoOLHM
can be used for the realization of acoustic panels. However, since none of the analyzed materials
shows absorbing and insulating properties at the same time, EOLHM must be wisely selected. This
innovative approach supports the circular economy and the improvement for the living condition of
low-income households.

Keywords: household end-of-life materials; building retrofitting; sound insulation; sound absorption;
vulnerable houses; circular economy; egg-box; cardboard; textile waste; reuse

1. Introduction

The Sustainable Development Goals are a universal call embraced by all Member
States of the United Nation in 2015 for eradicating poverty and protecting the environment.
According to the call, for improving the living condition on a global scale, economy and so-
cial aspects must go hand-in-hand. For this reason, issues such as education, health, social
protection, job opportunities, climate change and environmental protection must be taken
into account through global, local and people actions [1]. Among the 17 Goals, number 11
deals with sustainable cities and communities, and it requires to ensure access for everyone
to adequate, safe and affordable housing and basic services. Indeed, it is estimated that by
2030 the 60% of the world’s population will live in cities that account for about the 70% of
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global carbon emission and 60% of resource use. The rapid urbanization that the world has
been facing since 2007 is resulting in air pollution, unplanned urbanization, inadequate
services and infrastructures. The growth and development of cities must be controlled, so
to guarantee cities inclusive, safe, resilient and sustainable.

Since people with similar socioeconomic status tend to cluster in the same urban areas
disadvantaged contexts can be easily identified in the urban fabric: in these places, the vul-
nerable population lives and it consists of refugees, migrants, elderly persons, people with
disabilities and children [1]. In these specific contexts, people live below the threshold of
poverty, and sometimes in conditions of great discomfort. This phenomenon is responsible of
inequalities and it has been identified in several European cities, as in the case of Barcelona [2,3].
Between 2001 and 2011, in the city of Barcelona the migrant population increased from about
5% to 17%, and the new-low income immigrants reside mostly either in the historical center,
usually on degraded 19th century buildings, or in peripheral districts characterized by poor
quality houses built in the 1960s and in the 1970s [2]. In the case of the historical center,
dwellings are in some cases small, overcrowded and lacking of openings with consequent
insufficient natural light and poor air quality. When present, windows are crumbling and do
not guarantee adequate acoustic insulation. Since many of these neighborhoods are also
touristic destinations with noisy anthropic activities also during the night-time, the aspect
related to the sound quality of dwellings should not be underestimated.

The urban environment is characterized by multiple simultaneous sounds due to
transportation, industry and neighbors. When the sound pressure level exceeds a certain
value it is perceived as noise and even if sound perception is subjective, noise control is
very important. The exposure to excessive and prolonged levels of noise affects people’s
well-being, behavior, productivity, mental and physical health, with negative consequences
such as sleep disturbances, stress, irritability and other health issues [2,4-6]. However,
noise pollution and acoustic discomfort in buildings are not limited to disadvantaged
neighborhoods. To depict the acoustic situation, the European Union, through the Envi-
ronmental Noise directive [7], has requested to map the noise pollution sources and to
define an action plan to reduce the effects on the population. It is estimated that 40% of
the population does not experience acoustic well-being because of noise from neighbors
and traffic [5], and the 65% of Europeans living in major urban areas are exposed to high-
noise levels [8]. If in virtuous contexts the improvement of the indoor acoustic comfort
is possible, in disadvantaged contexts this task is much more difficult to achieve. In fact,
these interventions require specialized personnel and expensive insulating/absorbing
acoustic solutions. Acoustic panels must be aesthetics, safe, acoustically efficient, easy to
install and maintain, resistant to wear and environmental factors. Although inexpensive
acoustic materials can be found on the market, in disadvantaged contexts they can not be
easily purchased because people have little or no financial resources. An alternative can be
the realization of no-cost panels featuring acoustic properties.

While on the one hand there is growing attention to the well-being of people, on the other
it is necessary to define actions aimed at protecting the environment, optimizing the system
that provides us with the raw materials necessary to make the products, and which houses
the waste. To lighten the load on the environment, it is necessary to use raw materials
in a conscious way, for example, by extending the life of the products as much as possible.
Additionally, since many materials still possess exploitable properties when they are
discarded, they can be reused for other purposes. This model is called Circular Economy
(CE) which is in contrast to the linear economy model. In the linear economy model,
the raw material is extracted, processed to make the product that, at the end of its life, is
discarded. The circular economy model, on the other hand, is based on the 7R principle:
reduce, reuse, recycle, repair, replace, recovery, remanufacture as shown in Figure 1.
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Figure 1. Comparison between circular and linear economy models [9].

With a view to the circular economy and sustainable cities, household end-of-life
materials (EoOLHM), such as clothes or packaging, could be reused to realize acoustic pan-
els. EOLHM can be defined as household waste materials which still possess exploitable
properties, thus making them suitable for reuse. Many EoLHM still have properties when
discharged and are largely available: for example, the estimated yearly global production
is about 241 million tons for cardboard and paper packaging [10,11], 380,000 million tons
for plastic packaging [12], and 92 million tons for textile waste [13] of which only the 12%
is recycled [14]. The large availability of EOLHM and the problems related to recycling
can support the approach of converting them into acoustic panels: as suggested in [15],
this avoids the generation of waste, reduces the footprint due to raw materials extraction,
and makes them accessible also to vulnerable population that can not afford commercial
acoustic materials. Moreover, since EOLHM are largely available, this approach could incen-
tive buildings renovation and facilitate the achievement of the energy and environmental
international goals set by the European Parliament [16,17].

The study presented in this paper explores the possibility of converting EoLHM into
panels featuring interesting acoustic properties, and it is focused mainly on those EoOLHM
that can be reused without any type of processing so that they are directly available to low-
income households. Indeed, any treatment would entail costs that would affect end-users
and, consequently, the vulnerable population may not be able to afford them. Specifically,
the aim of the experimental analysis presented in this paper is to understand which EoHLM
can be used to make acoustic panels of limited thickness, and how these materials can
be assembled to meet both sound insulation and sound absorption requirements. Since
the panels are intended for the most disadvantaged population, they must be easy to
be assembled and installed, so that these people, once trained, can collect the necessary
EoLHM and assemble the panels independently. The first part of the study addresses
the state of the art regarding the reuse of EOLHM to realize acoustic panels. There are
several studies in the literature that address the recycling of these materials, but only
a limited number analyzes their possible reuse. This highlights that the approach proposed
in this paper is quite innovative. In the second part of the paper, EOHLM suitable for
low-cost acoustic insulation panels for indoor comfort improvement are investigated by
means of experimental tests performed with a 4-microphone impedance tube technique.
Five sets of samples have been tested. In the first set of samples, the acoustic performance of
egg-cartons has been evaluated. The second set of samples consists in egg-cartons coupled
with fibrous materials and metal elements. In the third set of samples, cardboard has been
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featured. Finally, in the fourth and fifth sets of samples, the acoustic properties of different
fabrics coupled with egg-cartons and metal elements have been evaluated.

2. Theoretical Background

When a sound wave with a certain acoustic power W; impinges a wall-partition, its
energy is divided into three components. One portion of the power is reflected back (W),
while another portion (W,) is able to pass through the surface of the material. The energy
that passes through the surface can be divided into two components W, and W;. The com-
ponent W, represents the part of the absorbed energy actually converted into heat due
to the internal friction and viscoelastic effects. The component W; represents the portion
of the energy that passes through the partition and it is related to the power transmitted
through the wall. The relation among incident, reflected and absorbed power is

Wi:Wr+Wa:Wr+Wd+Wf (1)

as depicted in Figure 2. By dividing the single components for the incident power W;,
the sound reflection coefficient, the sound dissipation coefficient 4, and the sound transmis-
sion coefficient T are defined:

r=W./W; (2
o =Wa/W; 3)
T=W;/W; 4)

Figure 2. Decomposition of a sound wave W; impinging a wall into its reflected W,, dissipated Wy
and transmitted W; components. The sum of the dissipated and transmitted components represents
the absorbed W, component.

Building acoustics usually investigates the frequency range going from 100 Hz to
3150 Hz [18]. The reason of the 100 Hz lower frequency limit is that, in general, the first
speech tones range between 100 Hz and 125 Hz for men, and they are an octave higher for
women. As concerns the emission due to traffic noise, the encompassed frequency range is
125-2500 Hz and depends on the vehicles’ speed. The two main properties to be considered
for indoor acoustic comfort are the apparent sound absorption coefficient &« and the sound
transmission loss TL. The apparent absorption coefficient is defined as:

a=1—r (5)

and it represents the portion of incident energy absorbed (or not reflected) by the partition.
In practice, sound absorbing materials and structures reduce the possibility of multiple
reflections and are able to ‘clean’ the indoor acoustic environment from the annoying effects
of reverberation. Sound absorbing materials and structures can be classified as porous

66



Appl. Sci. 2021, 11,5372

materials, acoustic resonators (Helmholtz resonators that include perforated and micro-
perforated panels respectively), vibrating panels and mixed systems (Figure 3).

Porous material
Rigid panel

Perforated panel Wall

Porous material V
| e 00 [l
S
ri
a
.d.

a) b) <)

M /

Figure 3. Representation of (a) a double partition made of two rigid leafs with an internal porous
layer, (b) Helmholtz resonator and (c) mixed system—multiple resonator.

2.1. Sound Absorption

The absorbing performance of a given material depends on the angle of incidence of
the sound wave, on the frequency, on the material properties and thickness, and on the sur-
face finishing. The absorption coefficient is usually measured in single reverberation rooms,
that allows an evaluation of the absorption properties in diffuse field, or by two or four mi-
crophones impedance tubes that evaluate only the properties for a sound wave impinging
normally on the sample surface. In spite of this, the impedance tube requires small samples
and, for this reason, it is particularly suitable during the research and development phase.
To easily compare the properties of different materials, the weighted Noise Reduction
Coefficient (NRC) is one of the most used indicators [19].

NRC = %125+ %250 + 065(;0 + 1000 + %2000 ©)

The NRC summarizes the absorption characteristic of a material through a single
value ranging between 0 (perfectly reflective material) and 1 (perfectly absorbent material).

2.1.1. Porous Materials

This kind of materials is characterized by high porosity, low density and, if possi-
ble, a high surface area. Porous materials include fibrous, cellular (foams) and granular
materials. The absorption properties depend on a number of parameters including flow
resistivity and tortuosity. The dissipation of sound energy is due to three phenomena that
are the friction between air and material fibers, the compression and decompression of air,
and viscous effects [20,21].

In the literature, several empirical and theoretical models have been proposed for the pre-
diction of porous materials sound absorption. One of the first available models was proposed
by Delany-Bazley [22] and requires only the flow resistivity ¢ as an input parameter, but since
it neglects the thermal conductive effects, it is accurate in the 0.01 < (pof/0) < 1 range only,
where py is the air density and f is the sound frequency [23]. More accurate but, at the same
time, more complex models were defined by several authors [24-27]. One of the most popular
models was proposed by Johnson-Champoux-Allard (JCA) and takes into account the flow
resistivity o, open porosity ¢, tortuosity a«, the viscous characteristic length A and the thermal
characteristic length A’ [20].
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2.1.2. Acoustic Resonators

A Helmbholtz resonator consists of a cavity with one or more holes and necks, as repre-
sented in Figure 3b. The air inside the neck behaves like an oscillating piston (mass) while
the air in the cavity behaves like an elastic element (spring). When the resonance frequency of
the mass-spring system is equal to the frequency of the incident wave, the resonator express its
maximum absorption. For these systems, the resonance frequency fy is defined as:

o r2
=0 7
fo=on V(I+ %) @

where ¢y is the speed of sound in air, r is the radius of the hole, V is the volume of
the cavity and [ is the length of the neck. However, Helmholtz resonators do not express
any sound absorption outside the resonance frequency region. The transmission loss TL
and the absorption coefficient of a Helmholtz resonator are defined as:

2
_ " _ 1 Sopco
TL = 1010g v; = ZOIOg 1+ 3757 (8)
S

o p 2 B 4COPO%ZRE 9

- - 2

pi (%ZRe + pOCO)2 + ETZInz
0

where S is the cross-sectional area of the neck, Sy is the total areas of all necks, Z is
the acoustic impedance of the resonator and represent the ratio between pressure amplitude
and the particle velocity at the interface of the resonator [28].

2.1.3. Vibrating Panels

Another type of sound absorbing mechanism is the one involving vibrating panels
placed at a distance from a rigid wall. Vibrating panels are thin, rigid and flat leafs
and the absorption mechanism is again of the mass-spring type. The resonance frequency,
at which the maximum absorption occurs, is determined as:

fo=60/\/p"d (10)

where p is the mass per unit area of the panel and d is the thickness of the panel as
depicted in Figure 3c.

2.2. Sound Transmission Loss

The Transmission Loss represents the ability of a structure to block the sound propa-
gation in neighboring ambient and is defined as

TL =10- log% (11)

Materials characterized by a low transmission coefficient have a high TL. The sound
insulation properties depend mainly on the mass per unit area of the structure, the angle of
incidence and the frequency of the impinging wave. Other factors influencing the trans-
mission of the sound are the nature of the partition (single, double), the internal losses
and the boundary conditions [29]. The acoustic insulation performance of a homogeneous
wall can be divided into four regions as shown in Figure 4.
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Figure 4. Sound transmission loss of a single panel: (1) stiffness controlled region, (2) resonances
region, (3) mass law region, (4) coincidence region.

In the low frequency region, the TL is governed by the material stiffness and it de-
creases 6 dB/oct. The behavior of the panel is then dominated by the modes of the specimen,
which depend on the elastic and geometric properties of the wall. When the modal density
is sufficiently high, the wall behaves according to the mass law [30]. In this region, the trans-
mission loss has a linear trend and increases 6 dB/oct. The mass-law region is limited by
the coincidence effect that occurs when the wavelength of the sound in the air is the same as
the wavelength of the bending waves in the partition. In this region the partition does offer
a weak opposition to sound propagation. The coincidence frequency f. of a homogeneous
board is related to its size, thickness, Young’s modulus, and surface density:

2 "
=< e
fo= s\ 5 12)
where D is the bending stiffness calculated as
D=E-I (13)

E is the Young modulus, and I}, is the moment of inertia. The bending stiffness can be
computed also for complex structures, once the Young’s modulus and the moment of
inertia of the elements are known [31].

The sound insulation of a wall can be significantly increased if it is built as a multiple
structure. One common way to increase the sound insulation of a partition, without
increasing the mass per unit area, is to build it with two or more layers separated by
an air gap, possibly filled by sound absorbing material. In this case the wall behaves
like a multiple mass-spring-mass system. When an acoustic wave passes through such
a construction, the total transmission factor T, is:

T,’})t:nfl =T T ...- Ty (14)

in which the assumption is that the N layers have a transmission factor 7,,. The equation holds
at sufficiently high frequency (above the mass-spring-mass frequency fy), for large enough
distances between the layers and when the damping of the gap, in the form of sound absorbing
material, is sufficiently high. Below the mass-spring-mass resonance standing waves between
the layers modify the transmission factor. The most common case is the one featuring a double
wall. If the mass law holds, then the following equation can be applied:

R, =20log(p" - f) — 42 for f < f; (15)
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In case of a finite double wall, the sound transmission loss can be computed as:

2~7I~f~y” (2-7T-f-;4”)
double __ 1 . RSl o YA
R = 2010g{ 200-c0) } +20 log{ (200 c0) for f < fe (16)

The mass law has a lower bound given by the lower mechanical resonance of the sys-
tem. This resonance corresponds to the mass-spring-mass resonance of the wall, where
the air enclosed in the gap acts as a spring, while the walls act like two masses. A two
degrees of freedom system has a resonance frequency equal to:

1/2

_ o fpo-- (i +py)

fO - 7 17)
2 (ni -y - 1)

Below the mass-air-mass frequency the wall behaves like a single wall with a total
mass per unit area equal to the sum of the mass per unit areas of the two walls composing
the entire wall. As concerns the coincidence effects, the discussion made for single walls
also applies to double walls. For double walls, the coincidence frequency is determined
by the mass per unit area and thickness of each element, while the TL is higher than that
predicted by the mass-law for a single panel of the same mass. As suggested in [32], it can
be an advantage to realize the double panel with two panels having different thicknesses
to avoid that the coincidence effect takes place at the same frequency.

2.3. Acoustic Performance of EOLHM in the Literature

In this section, the acoustic performances reported in the literature of some EoLHM
are collected. It is worth noting that the performances of acoustic materials deriving from
agriculture have not been analyzed, because they are not directly available to disadvan-
taged people. Neither organic waste has been analyzed, even if in the literature several
studies, such the one presented in [33], can be found.

2.3.1. Textile Waste

Textile waste includes clothes, carpets, tablecloths and pieces from the textile sector.
In literature, a very recurring classification is between woven (WF) and non-woven (NWF)
fabrics: WF are obtained by threading fibers together perpendicularly, whereas NWF are
bounded together by using heat, chemical, or mechanical treatment. Textile waste have
been widely investigated from the acoustic point of view because they are largely avail-
able and their porous structure makes them suitable for acoustic absorption. The sound
absorption of NWF waste was investigated in relation to the fiber content and the fiber
diameter [34], and NWEF shows higher sound reduction than WF [35]. A panel made of
waste wool and polyamide fibers was designed in [36], and it presented a sound absorption
coefficient equal to 0.91 and NRC equal to 0.56. The study pointed out that the sound
absorption coefficient in the low-frequency range is affected by the thickness, while the vol-
ume density affects the absorption properties in the middle-frequency range. Blankets
for building roofing and internal walls insulation were realized with polyester fabrics of
different sizes and they showed an NRC ranging between 0.54 and 0.74 [37]. The study
in [38] investigated the correlation between the humidity content and the transmitted wave
through cotton fabric: for moisture content between 0 and 100%, the transmitted wave
ranges between 31% and 7%.

2.3.2. Cardboard

According to [39], cardboard panels from the packaging industry present promising
acoustic insulation performance but slightly lower than common insulation panels. Card-
board performance intended as the combination of acoustic properties, transportability,
lightweight, cost and recyclability was evaluated for several cardboard design options
in [40], and honeycomb panels filled with cellulose fiber presented the best performance.
To evaluate the conservation status of the beer during transport by trucks, the acoustic
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properties of beer packaging was investigated in [41]. The sound absorption of a cover
made of porous sponge and cardboard was 0.58 [42]. In [43], sound absorber obtained by
mixing recycled paper and a blowing agent showed a NRC of 0.75.

2.3.3. Plastic Bottles and Metal Cans

Plastic bottles of different sizes (500 mL, 750 mL, 1L, 1.25L and 2 L) can be easily found
on the market [18]. In the literature, bottles have been analyzed mainly from the structural
point of view when incorporated in the construction of walls since, if compared to ceramic
and concrete blocks, they are faster to build, require less water and cement and do not
produce waste [44]. For these reasons, plastic bottles are continuously investigated. Ac-
cording to [45], polyethylene terephthalate-based material shows good sound-absorbing
characteristics, especially at high frequencies. Panels made of recycled PET and sheep wool
showed an absorption coefficient « higher than 0.7 in the range of 50-5700 Hz regardless
of the humidity content [46]. The sound absorption of light-soft-plastic bottles with net
capacity from 7 to 2000 mL is affected by the capacity in the range of 100 and 1000 Hz [47].
Plastic bottles are often used to hold materials that lack structural strength. For example,
a slightly lower TL than those of traditional construction materials was measured for PET
bottles filled with plastic bags [18]. End-of-life PET bottles were incorporated in a wall
12 cm thick and tests showed a reduction between 29.8 dB and 55.8 dB than the wall without
bottles [48]. Additionally, the acoustic properties of aluminum cans were investigated [49]:
a sandwich panel made of polystyrene, pressed aluminum cans, rockwool and corrugated
cardboard showed a better acoustic performance than gypsum panels, but lower than
panels made of rock-wool and egg-boxes.

2.3.4. Egg-Boxes and Trays

Egg-boxes and trays can be made of different materials such as plastic, recycled paper,
cardboard, but what distinguishes them is their shape. For a long time, egg-cartons have
been considered good sound absorbing materials, and they have been widely used for this
purpose since they are inexpensive, easy-to-install and easily available [50]. However, their
acoustic performances have been recently questioned. It was pointed out that egg-boxes
provide good sound absorption only at high frequencies, their NRC equal to 0.4 is too
low for considering them sound absorbing elements, and the sound absorption coefficient
profile is irregular [51]. The experimental tests presented in [52] showed that the sound
absorption coefficient of egg-boxes and fruit trays is affected by the material, orientation of
the boxes, and by if they are closed or open. Experimental tests showed that egg-cartons can
reduce the reverberation time at mid-frequency [53]. In spite of this, researches have been
looking for a way to improve their sound performance by coupling them with other materi-
als. A sound absorbent made of egg-boxes pulp showed an optimized NRC equal to 0.5 [54].
A non-standardized test method showed that filling egg-boxes with mineral wool blocks
a percentage of sound ranging between 14.42% and 17.71% depending on the frequency.
Egg-boxes were filled with shredded rice straw paper and textile waste [50], and with
polyurethane foam [52]. The panels proposed in [50] showed higher sound absorption
coefficients than common egg-boxes cartons at all frequencies, and those presented in [52]
featured a NRC equal to 0.87.

3. Methods

The review presented in the previous section shows that, even if a limited number of
papers investigated the EOLHM acoustic performances, these materials have exploitable
properties for the improvement of the indoor acoustic quality. An ideal panel suitable to
be used as a fagade element posses both good sound absorption and high transmission
loss. As concerns the transmission loss, it must be remembered that the final acoustic
performance will also depend on the basic wall on which they will be installed. In this
study, the acoustic properties of different panels, realized by coupling different EOLHM, are
experimentally investigated to understand whether further studies are required. Tests have
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been performed on samples made of easily obtainable EoOLHM such as cardboard, textile
waste, egg-boxes, metallic elements and their combination. Since the acoustic conditions of
the environment in which these panels will be installed are unknown, configurations with
high sound absorption coefficient and good T'L are considered interesting and worth to be
further investigated. Since this analysis is exploratory, the experimental tests have been
performed by means of the impedance tube method that requires small samples and gives
reproducible results. However, this technique allows the determination of the properties
for sound waves impinging normally on the sample surface.

The experimental investigation of the acoustic properties was performed following
the standard procedure given by the ASTM E2611 [55] that required the use of a four-
microphone impedance tube (Figures 5 and 6). This device consists of two tubes of equal
internal cross section connected to a test sample holder. Four microphones were placed
along the tube (two on either side of the specimen). A source emitting a pink noise was
placed at one end of the tube. A multi-channel Fast Fourier Transform (FFT) analyzer
acquired the signals captured by the microphones. The second endpoint of the tube
could be equipped with an anechoic or a reflecting termination, allowing us to perform
the tests with two different boundary conditions. The pressure and particle velocity of
the traveling waves and of reflected waves could be determined by means of a MATLAB
script implemented on the basis of the E2611 ASTM standard [55]. The frequency range
investigated went from 100 Hz to 3150 Hz.

18 Loy L |
1 | | L
Mm!“ﬂr.’.“ M:SUM:G
1) ®2) Py (P4)
4 A c 53
Loudspeaker Sample Termination
B AL
= !

Figure 5. Schematic drawings of a four-microphones impedance tube. A represents the energy
emitted by the loudspeaker, C is the component that crosses the sample, D is the component reflected
by the termination, and B is the component reflected by the sample and/or that crosses the sample
after being reflected by the termination.

Figure 6. Impedance tube used for the determination of the acoustic properties of EOLHM.

Defining the wave number in air, k = 277 - f/cp, the traveling and reflected compo-
nents of the plane wave propagation in the tube (A, B, C and D) can be calculated using
the following correlations, once the complex acoustic transfer functions H; ,, f between
the ith microphone and the reference microphone are measured:

A =05 % j(Hyepe 1 — Hz,,gfe’jk(h*sl)/sin(ksl) (18)
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B = 0.5 x j(Hpepe 150 — H,  ce™¥(L1)) /5in (ksy) (19)
C =05 x j(HypepeHE2ts2) — Hy oK E2)) /5in (ksy) (20)
D = 0.5 x j(Hyyepe ¥12 — H o e *E2452)) /5in (ksy) (21)

where, in the case at hand, microphone 1 was selected as the reference microphone. For
a given boundary condition, it is possible to determine the acoustic pressure p and the par-
ticle velocity u on each face of the specimen using the following equations:

po=A+B pq = Ce /M 4 petikd (22)
A-B 4 4
ug = 00C0 Ug = (Ceﬂkd - Deﬂkd)/POCO (23)

where py is the density of air. In general, the elements of a transfer matrix T, putting into
relation pressures and particle velocities at either side of the specimen under test, can be
calculated from the acoustic pressures and particle velocities measured during two different
experimental sessions performed using an anechoic (a) and a reflecting (b) termination:

Poaltdp — PobUda  PobPda — P0aPdb

T — [TH le} | Pdattdb — Pdblda  Pdaltdp — Pdblda 24
T T Ugallgp — Uoplldy  Pdattob — Pdbt0a
Pdattab — PdbUda  Pdatdb — Pdb¥da
The absorption coefficient can be computed as:
Ty — peTy |
w=1- |12 (25)
Thi + pcTy
The sound transmission loss TL is expressed as:
T T T, T.
TL = 20 x logyo|—2 +( 12/ch)jkji‘ 210¢ + Tpo (26)
e

Samples

The analyzed samples were made putting together different types of EOLHM and are
shown in Figures 7 and 8, where the sequence described in the caption starts with the mate-
rial nearest to the sound source. The layers of the samples were only placed close to and not
connected to each other. The samples were 50 mm long, except for samples 13 and 14 that
had a length of 24.2 mm, and sample 26 that was 100 mm long. The weight of the samples
is reported in Table 1. For each sample, three repetitions were performed and the results of
the experimental tests were averaged. This has made it possible to evaluate how manual
skills influenced the panel acoustic performances.

Table 1. Weight in grams of the samples.

Sample 3 22 4 5 7 8 13 14 17 26
Weight 3.6 419 1263 1263 1333 1333 647 154 436 1931

Sample 27 28 29 30 32 33 34 35 36
Weight 1253 13.81 845 1741 891 20.07 29.03 21.83 21.83
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Configurations analyzed with the impedance tube:
boxes and polyester, and (b) samples made of egg-box, polyester and a metallic element.
Samples 04 and 05 are made of the same elements but in sample 04 the polyester faces the loudspeaker.

Sample 08 has an additional perforated cardboard layer.

Figure 7.
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Figure 8. Configurations analyzed with the impedance tube: (a) samples made of several layers
of cardboard, (b) samples made of clothes (one fabric at a time), (c) samples made of egg-boxes

and clothes.
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Since the acoustic properties of egg-boxes have been questioned in a number of pa-
pers [51,52,56], to analyze this aspect, the first set of samples (03, 22) was made at least by one
egg-carton 2.79 g in weight made of recycled paper with a density of 355 kg/m?>. In sample 03,
the egg-carton facing the sound source was coupled with loose polyester. The egg-carton was
perforated and the holes were less than 1 mm in diameter. This element was used for realizing
the other samples that included egg-boxes, which exception of sample 22 that was made of
two not-perforated spaced egg-cartons whose cavity faced the sound source.

To improve the acoustic performance, in the following set of samples (04, 05, 07, 08)
the perforated egg-carton was coupled to other EoOLHM such as loose polyester, a metallic
element and cardboard 197 kg/m?3 in density. The cardboard was made of two external
linear boards 0.11 mm thick and an internal board with 130 flutes/m. The metal element
was a steel sphere with an external diameter of 13 mm, and a weight of 8.95 g.

In particular, samples 04 was made of a box-carton, polyester and a metallic sphere.
Sample 05 was similar but had mounted reverse. Samples 07 and 08 were realized to exploit
the double panel characteristics. Indeed, a plane wave impinging a double-panel system
saw the impedance of the panel closest to the sound source, the impedance of the airspace,
the impedance of the second panel, and finally the impedance of the air beyond. The cavity
acted as a spring element reducing significantly the TL, especially at higher frequencies.
In the cavity the absence of absorptive material contributed to the transmission of sound,
while the addition of damping elements such as fibrous materials attenuated the modes
of the cavity. For this reason, in samples 07 and 08 cardboard layers were added to create
a sort of cavity. In sample 07, to reduce the permeability, only a cardboard was added
on the back of the sample. In sample 08 a perforated layer was added in the front of
the sample: the first panel being perforated allowed the passage of a certain quantity of
sound and behaved like a Helmholtz resonator.

To characterize cardboard panels, a third set of samples (13, 14, 17) was prepared.
In the last few years, cardboard is largely available at domestic level as a result of the e-
commerce. For this reason, highlighting its acoustic properties would encourage its conver-
sion into a building element. Since very sound reflective materials could have a negative
impact on acoustic indoor comfort, especially in very crowded ambient such as homes
in disadvantaged contexts, the first cardboard layer of the samples was perforated to
increase the sound absorption capability. Sample 13 and 14 were made of nine cardboard
elements: the first two were perforated, the internal five disks presented a central hole
17 mm in diameter, while the last two disks were not perforated. In sample 14 a metal
sphere was housed in the central layers. The weight of the whole cardboard disk was
0.77 g. Sample 17 was similar to samples 08 except for the presence of the metal sphere
and, consequently, the weight of the sample was (13.33 g for sample 08, and 4.36 g for
sample 17).

In the fourth set of samples (26-32) different fabrics were tested. Samples 26 and 27
were made of cotton, while samples 28, 29 and 30 were respectively made of polyester,
plush cotton, and viscose. Since the fabrics had no structural strength, it was necessary to
fold them inside the impedance tube. This revealed that the installation of the fabrics was
strongly influenced by the operator’s skills.

In the fifth and last set of samples (32-36), textile waste was coupled with other
EoLHMs to improve their insulation performance. To reach a certain degree of stiffness,
these samples were realized with a perforated egg-carton facing the sound source. Sample
32 was made of cotton, while the others are made of viscose. By means of tests performed
on samples 34-36, the influence of metallic elements was investigated. In particular,
a metallic sphere was inserted in sample 34, while a metal cap 1.75 g in weight and 26 mm
in diameter was included in samples 35 and 36 but only in sample 35 there was contact
with the egg-carton.
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4. Results and Discussion

The results of the tests described in the previous section are reported in Figures 9-13
showing the sound absorption coefficient « and the transmission loss TL obtained by means
of the impedance tube measurements. For each sample, the NRC has been calculated
and reported in Table 2.

Table 2. NRC of the samples tested in this paper.

Sample 3 22 4 5 7 8 13 14 17 26
NRC 049 045 056 048 054 060 045 044 058 084

Sample 27 28 29 30 32 33 34 35 36
NRC 069 064 071 069 052 046 045 038 0.37

Figure 9 shows that, for samples 03 and 22, the most interesting sound insulation
performance was given by sample 22, with a TL following the mass law up to 800 Hz
and then a behavior typical of double walls, with a coincidence frequency around 1800 Hz.
Sample 03 was not able to reach the same performances. As regards the absorption
coefficient, it was characterized by wide peaks at given frequencies due to holes in the egg-
cardboard behaving like Helmholtz resonators. In the case of sample 03, the peak around
700 Hz was very wide due to the presence of sound absorbing polyester fibers inside
the main volume. This result suggests that to reach a good TL it was important to arrange
the egg boxes upside down, but they still had to be coupled with other materials to improve
their performances. The presence of the holes improved the absorption characteristics.

50 w—TEST 03
——TEST 22

40

1

30

TL (dB)

20

Sound absorption coefficient

=2
[N}

102 10° 10 10°
Frequency (Hz) Frequency (Hz)

a) b)

Figure 9. Transmission loss (a) and absorption coefficient (b) of samples made of at least on egg-box
and polyester.
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Figure 10. Transmission loss (a) and absorption coefficient (b) of samples made of egg-box, cardboard,
polyester and a metallic element.
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Figure 11. Transmission loss (a) and absorption coefficient (b) of samples made of several layers of
cardboard.
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Figure 12. Transmission loss (a) and absorption coefficient (b) of samples made of clothes (one fabric

at a time).
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Figure 13. Transmission loss (a) and absorption coefficient (b) of samples made of egg-boxes
and clothes.

The TL curves just analyzed were very similar to the curves obtained for the second
set of samples and reported in Figure 10. This behavior can be explained by the nature
of the samples which were built with the same elements: the egg-box, the polyester foam
and steel spheres. The only variables were the orientation of the samples and the presence of
a cardboard disk. The TLs of samples 04 and 05 were characterized by the typical mass law
behavior due to the single egg cardboard, except a dip around 1200 Hz. Samples 04 and 05
showed an interesting absorption coefficient, and sample 04 featured better performances

77



Appl. Sci. 2021, 11, 5372

since it did not present valleys at high frequency. However, since these samples were
permeable to air, the TL was very weak. Reducing the permeability, in samples 07 and 08
the additional cardboard layer caused an increase of the curve slope due to the mass-
spring-mass behavior of the layers. Sample 08 exhibited very interesting performances at
low frequencies and the highest TL of the group also at high frequencies. In sample 08
the additional perforated cardboard layer facing the sound source captured sound energy
at some specific frequency bands. Part of the energy that passed through the egg-box was
absorbed by the fibrous material. Finally, the final last cardboard reduced the transmitted
energy. For these samples, the absorption coefficient was characterized by multiple peaks
typical of the resonators featured in the cardboard portions. The width of the peaks
depended again on the presence of polyester fibers. The best performance belonged
to sample 08, characterized by a rather good sound absorption coefficient also at high
frequency, with a maximum of 0.95 at 2 kHz.

As regards the third set of samples, Figure 11 shows very similar TL curves for
all the samples. This group of TL was the highest among the entire group of tested
materials. Such behavior is due to the high density of the samples that made the samples
similar to sandwich materials featuring non compressible cores. For this reason the trend
was characterized by a mass-law behavior followed by the typical coincidence dip. For
samples 13 and 14, the sound absorption coefficient was marked out by a maximum around
600 Hz due to the resonance of the Helmholtz resonators featured in the cardboard. For
sample 17, the graph of the sound absorption was very similar to the one of sample 08
(having a very similar structure), with three peaks reaching a value of 0.8.

The results of the fourth set of test samples, which were made of fabrics, are shown
in Figure 12. The absorption curves were similar for all the samples and typical of porous
materials. The best performance was given by sample 30 having the highest density of
the group. Additionally, sample 26 showed a good performance but since it was 100 mm thick
it could not be directly compared with the other samples. However, this result shows that better
performances could be achieved by increasing the thickness of the panels. Additionally, in this
case, the sound absorption coefficient had a shape typical for porous materials, featuring an S
shape, with low values at low frequencies and values approaching 1 at high frequencies. By
comparing the NRC measured for samples 26 and 27 and reported in Table 2, it emerged that
the operator skills affected the acoustic performances of the panels. Indeed, even if the samples
were made of the same material and the same N RC should be obtained, a higher value of NRC
was measured for the thinner sample (26) and this is probably due to the assembling mode.

The fifth and last set of samples was a combination of fabrics, egg-boxes and metal
parts. As can be observed in Figure 13, all the TL curves had very similar trends. If com-
pared to the TL in Figure 12, for samples 32-36, values were generally higher at low
frequency due to the higher mass per unit area of the samples. Sample 36 had the best
performances for this group and this is probably due to the fact that the metal element
could vibrate because it was not in contact with the rigid egg-carton. As concerns the sound
absorption coefficient, the behavior was dominated by the Helmholtz resonator featuring
a peak around 400 Hz followed by an increase of the coefficient due to the presence of
the tissues.

5. Conclusions

The study presented in this paper has shown that EoOLHM, such as cardboard, egg-
boxes, clothes and metal elements, can be reused to realize low-cost acoustic panels for
the improvement of the indoor comfort. Since these panels are easy realizable and cheap,
they can be used in disadvantaged contexts where low-income people live and can not
afford commercial acoustic panels. By wisely coupling EoLHM, good acoustic perfor-
mances can be obtained for panels of limited thickness. Measurements performed with
the impedance tube technique have shown that samples made of fabrics present a sound
absorption coefficient greater than 0.8 in the range 300-3500 Hz. The higher insulation per-
formance has been measured for samples made of perforated cardboard that present a TL of
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25-30dB in the range 100-300 Hz, and 30-40 dB in the range 300-2000 Hz. To reach interest-
ing performances from both the insulation and the absorption point of view, it is necessary
to couple egg-cartons, cardboard, polyester and metal elements. For this configuration,
NRC is higher than 0.54 and the TL varies between 25 and 40 dB in the range 250-2000 Hz.
Since in this study only the performance related to normal waves has been analyzed,
in future investigation the most performing configurations will be tested in a reverberation
room. Since the acoustic panels will be realized by not-skilled personnel and the man-
ual skills affect the panels acoustic performance, it will be necessary to provide courses
and guidelines for illustrating how the panels must be realized and installed.
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Abstract: The shunted loudspeaker with a negative impedance converter is a physical system with
multiple influencing parameters. In this paper, a fully exhaustive backtracking algorithm was used
to optimize these parameters, such as moving mass, total stiffness, damping, coil inductance, force
factor, circuit resistance, inductance and capacitance, in order to obtain the best sound absorption in
a specific frequency range. Taking the maximum average sound absorption coefficient in the range of
100-450 Hz as the objective function, the optimized parameters of the shunted loudspeaker were
analyzed. Simulation results indicated that the force factor and moving mass can be sufficiently
reduced in comparison with that of a typical four-inch loudspeaker available on the market. For a
given loudspeaker from the market as an example, the four optimized parameters of the shunted
loudspeaker were given, and the sound absorption coefficient was measured for verification. The
measured results were in good agreement with the predicted results, demonstrating the applicability
of the algorithm.

Keywords: shunted loudspeaker; optimal sound absorption; fully exhaustive method

1. Introduction

Low-frequency sound absorption within a limited space is always a challenge in noise
control engineering. Traditional passive acoustic structures usually have the disadvantage
of being large in size, but active noise control technology also has drawbacks, such as insta-
bility and high cost. In recent years, the semi-active structure of a shunted loudspeaker (SL)
for sound absorption has attracted much attention. For an SL with a negative impedance
converter (NIC), the circuit parameters, such as resistance, capacitance and inductance,
are transformed due to the negative impedance converter. This can effectively adjust the
acoustic impedance of the coupled system to match that of the air in a wide frequency
range [1]. Initially, Forward [2] proposed a preliminary experiment on the feasibility of
using shunted damping in optical systems. Lissek et al. [3-6] introduced shunt circuits to
loudspeakers and used the SL to control the acoustic impedance of walls for indoor sound
absorption. Good sound absorption for low frequencies can be achieved in a relatively nar-
row frequency band. In their later research, analogous analysis, experimental optimization
of the SL and active control theory were also carried out. Due to the low-frequency sound
absorption properties of the SL, many structures relevant to the SL that have better sound
absorption performance have been reported [7-10].

Some references can be found for the optimal design of an SL. Lissek et al. [5] es-
tablished a low-order polynomial function and the effect of four parameters on sound
absorption was investigated by using the response surface method (RSM). These four pa-
rameters were the moving mass of the loudspeaker, the enclosure volume, the filling density
of mineral fiber within the enclosure and the electrical load value to which the loudspeaker
was connected. Rivet et al. [11] introduced the SL for interior damping optimization and
they determined the interior eigenfrequency by using a finite element model established in
COMSOL Multiphysics. They also calculated the optimal location and orientation of the
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loudspeaker by establishing the linear equations of the system. Liu et al. [12] applied the SL
to the pipe by means of a polar configuration of the system’s characteristic equations. The
optimal resistance, inductance and location of the SL were derived. This method effectively
improved the insertion loss of the pipe. Zhang et al. [13] analyzed the effect of the circuit
resistance, inductance and capacitance (RLC) on the acoustic impedance and absorption
coefficient of the SL in detail. They provided an experimental procedure for achieving
effective broadband sound absorption from the low to the middle frequency range. An
array of 64 SLs was experimentally investigated by Qiu et al. [14], and the optimal array
alignment spacing, to control 100 Hz and 200 Hz tone noise, was also discussed.

The loudspeaker in a reported SL is oriented for sound generation. This means that
this type of loudspeaker would not be suitable for optimal sound absorption due to its large
force factor and moving mass. Designing a loudspeaker from the perspective of sound
absorption has not been reported in the literature. To achieve this task, the loudspeaker
and shunt circuit parameters must be taken into account. Since the SL is a coupled field
consisting of electrical, mechanical and acoustic components, the system contains a large
number of parameters and potential interactions among these parameters. The problem of
multi-parameter optimization is rather complex.

The fully exhaustive backtracking algorithm (EBA) is a programming method fre-
quently used in programming design. EBA is often applied to solve the problems that
cannot be solved by conventional mathematical methods [15]. The fully exhaustive algo-
rithm allows multivariate functions, with potential interactions, to be solved numerically
according to a combined enumeration [16]. After the multi-dimensional database is created
by the fully exhaustive method, the backtracking algorithm is then used to search for the
target value by using loop traversal according to the optimal conditions [17]. Genetic
algorithms (GA) and simulated annealing algorithms (SAA) are stochastic optimization
algorithms that are based on probabilistic convergence [18]. In the optimization process of
multi-peaked objective functions, GA and SAA may converge to a local optimal solution
prematurely, and there is no effective quantitative analysis method for the convergence
and reliability of the solution [19,20]. The global search feature of the EBA can effectively
avoid these disadvantages. Although the EBA has the advantage of a simple computational
process, it usually has the disadvantage of requiring a large amount of computing resources.
In SL optimization problems, the amount of computation required is very limited; therefore,
the EBA is well suited for SL multi-parameter optimization.

In this paper, six main parameters of the SL, namely moving mass AM,;,, system
stiffness AKp,, force factor B, total resistance AR, total inductance AL and capacitance
Ce, are considered in an optimization algorithm. In the following section, the principle
of the SL is introduced briefly; then, an optimized sound absorption algorithm based on
a six-dimensional EBA is described, and the simulation and analysis of the loudspeaker
parameters suitable for sound absorption are demonstrated. For a given loudspeaker from
the market, the experimental method to determine the key parameters of the loudspeaker by
an impedance tube is provided, and, finally, the optimization results of the four parameters
are verified by an experiment.

2. Theoretical Model of an SL

The layout of a typical SL is shown in Figure 1 and the technical date of the loudspeaker
used in the experiment are listed in Table 1. The SL with an NIC is assembled at the end
of the impedance tube, and the effective absorption can be achieved after reasonable
adjustment of the electrical parameters. From an energy perspective, it can be understood
that the sound energy is dissipated in the form of mechanical and electrical energy, reducing
the reflected sound energy and achieving the purpose of sound absorption.
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Figure 1. Schematic of the shunted loudspeaker with an NIC.
Table 1. Technical data for the loudspeaker Hivi-M4N.
Bl R, Lc Mm K Om
3.1Tm 6.50 0.5 mH 48¢g 926 N/m 1.74 sN/m

When the SL is in an open-circuit state, it can be considered a single-degree-of-freedom,
second-order system, which consists of stiffness, mass and damping [21]. The mechanical
impedance under the case of an air cavity of depth D can be expressed as:

POCOA

Zm = Om + jeo M + jwKy,  itan(kD)

0]

where w is the angular frequency, cy is the speed of sound in air, M, Kin, 6m are the mov-
ing mass, suspension diaphragm stiffness and damping of the moving-coil loudspeaker,
respectively. Z,;, = pocoA is the acoustic impedance of air, and A is the cross-section area
of the impedance tube. k is the wavenumber and D is the cavity depth, where a more
specific impedance expression can be obtained after making a second-order approximation
to tan (kD) ! [22]:

poAD poC%A

Zn(@) = b + jo (M + -

)+ (K +

)/ jw (2

From Equation (2), it can be seen in the acoustic model of the SL with an air cavity
that the total stiffness is the sum of the suspension diaphragm stiffness and the air spring
of the air cavity, where the second item dominates. For example, a cylindrical cavity with a
depth of 10 cm and radius of 5 cm can produce a stiffness of 11 KN/m, while a four-inch
loudspeaker’s diaphragm stiffness is generally 1 KN /m. The total vibrating mass is the
sum of the mechanical vibrating mass and one-third of the cavity air mass; the latter is
usually negligible.

An NIC can generate the equivalent value of a negative electrical parameter between
the in-phase input and ground [23]. It can flexibly adjust the impedance caused by a larger
resistance and inductance of the loudspeaker itself, enabling impedance of the SL to match
with air over a wider frequency band. When connecting the SL with an NIC, the impedance
of the circuit is:
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Zi(w) = (Re= R) +juo(Le = 1) + £ 6
The following is a derivation of the electrical force and impedance analogy. When the
sound waves are transmitted to the loudspeaker’s diaphragm, it will produce a vibration
with speed of v. The loudspeaker’s coil will cut the magnetic field of the permanent
magnet, producing an induced electrical potential Blv. As the induced current is Blv/ Z,,
the electromagnetic force applied to the coil is F. = B?[>0/Z,. The equivalent mechanical
impedance induced by the circuit can be obtained by Za, (w) = Fe/v = (BI Y/ Zo(w).
Here, the total impedance of the SL can be expressed as:

Zsys(w) = Zim(w) + (Bl)z/Ze(w) @

The normal incident absorption coefficient of the SL is:

|Zsys — Zair » _ 4ZuirRe(ZSyS)

a(w)=1-
Zsys + Zair [Zair + Re(Zsys)]* + Im(Zoys )

©®)

Equation (5) shows that the sound absorption of the SL depends on the acoustic
impedance of the system. The impedance matching condition should be satisfied when the
sound is completely absorbed:

(BI)*AR
AR? + (WAL —1/wC)?

Re(Zsys) =0m + = POCOA (6)

2
Im(Zays) = My — AKw (B (a)AL—l/o.;C)2 —0 @
w AR? + (wAL —1/wC)

where AR = R, — R, AL = L, — L and AK,; = K;; + poc%A/D. The connection of the
shunt circuit introduces new mechanical resistance and reactance. These parameters are
mostly constant for the actual device, but the total impedance of the system changes with
frequency. It is impractical to achieve an exact theoretical match, so a comprehensive
optimization of sound absorption, based on experimental and theoretical calculation, is
needed.

3. Algorithm Model and Simulation of the EBA
3.1. Procedure of the Algorithm Model

Loudspeakers used in the SL are for sound absorption, not sound generation. In con-
trast, loudspeakers available on the market are always used for sound generation. From the
perspective of sound absorption, the loudspeaker in the SL must be redesigned. Through
the simple analysis of the loudspeaker parameters, a certain trend of sound absorption can
be obtained. However, the parameters influencing the sound absorption are coupled with
each other and are difficult to analyze from a numerical point of view. The EBA is a method
to obtain the ideal solution by calculating and analyzing all possible scenarios within the
constraint. It can be expressed as enumerating all possible combinations of parameters
within the boundaries, according to the step size of each variable, and then performing
numerical analysis. Therefore, Matlab’s powerful matrix solving capability can be used to
perform the EBA. The optimal parameters for AR, AL, Ce, AKm, My, Bl can be calculated
by the EBA and then used as design values for the SL. The following describes the EBA
optimization algorithm for six parameters.

3.1.1. Parameter Boundary

Since the algorithm corresponds to the actual physical system, a realistic boundary
condition should be set for AR, AL, Ce, AKi, My, Bl. The characteristic equations of this
system can be obtained by stability analysis. According to the Rouse criterion, AR, AL
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and C. must be positive, which determines the lower boundary of the AR, AL and C, [24].
Usually, the resistance of a typical four-inch loudspeaker does not exceed 25 (). Considering
the actual component size, AL, C. should be limited to the magnitude of mF and mH,
respectively.

The upper boundary of the mechanical parameters can be set reasonably, according to
the actual size of the speaker and the assembly model. Here, My, is limited to 10 g, AKy,
is limited to 1.95 x 10* N/m, and Bl is limited to 6 Tm. Itis necessary to set a reasonable
step size for these six parameters in this calculation. If the step size is small, it will lead
to long computation time or even be impossible to compute. By using multiple iterations
of the EBA to improve the computational efficiency of the program, sufficiently accurate
solutions can be obtained in a relatively short time.

Under excitation of sound pressure, the SL generates an output voltage. The transfer
function of the circuit section is shown in Equation (8). The maximum amplification can be
obtained at the resonant frequency of the circuit. The actual output voltage at resonance
can be calculated by multiplying the output signal obtained from the experimental test with
Equation (9). When the actual transmission voltage can maximize the op-amp saturation
value, the balancing resistance R, can be determined [22].

Ry+R+sL 1

- A S— ®
R—Rc+s(L— L) — g (L.—1L) G,

G(S)

YR+ R + -
|G(wo)| = R_R ©)

3.1.2. Database Creation

The nonlinearity of the damping J;, is usually difficult to predict accurately after
assembly. To obtain an accurate theoretical calculation, the damping corresponding to the
open circuit should be sampled for replacing the damping in Equation (2). The absorption
coefficient at each frequency in any group within the boundary can be calculated in a
nested cycle using Equations (2)—(5). Then, the absorption coefficients of each group are
stored after taking the average values, and thus the database of the average absorption
coefficients of the six-dimensional parameters of the SL is established.

3.1.3. Optimal Results of AR, AL, Ce, AKyy, My, Bl

Once the database is created, the optimal average absorption coefficient values, and
structural parameters such as AR, AL, Ce, AK};;, My, Bl, can be searched in the database by
the backtracking method. Thus, the circuit parameters R, L, C,, and the equivalent depth
D of the air cavity required for the design, can be calculated. Then, the sound absorption
performance of the multi-parameter SL can be analyzed.

3.2. Optimal Sound Absorption for a Six-Parameter SL

In this simulation, the frequency range was 100450 Hz and the inner diameter of
the impedance tube was 10 cm. The mechanical damping as a constant was used in
calculations and had a value of 1.74 sN/m. The optimized absorption coefficient and
acoustic impedance of a six-parameter SL are shown in Figure 2. As observed in Figure 2a,
the optimized six-parameter SL had an excellent sound absorption coefficient close to 1 in a
wide frequency range of 100-450 Hz. By the EBA optimization search, a matched acoustic
resistance close to 1 and a flat acoustic reactance trending toward 0 can be obtained in
the specified frequency range, as shown in Figure 2b,c, respectively. In addition, it can be
found that the first resonance occurs at 120 Hz, which is due to the resistance being close to
1 and the reactance being close to 0 at this frequency. Similarly, the second resonance is
located at approximately 320 Hz.
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Figure 2. Optimized sound absorption of the SL by a six-dimensional EBA, (a) the sound absorption
coefficient, (b) the specific acoustic resistance, (c) the specific acoustic reactance.

The optimized mechanical and electrical parameters of the SL by the six-dimensional
EBA are listed in Table 2. The optimized results indicated that the moving mass and
force factor were smaller than that of a typical loudspeaker available on the market. The
decrease in force factor can effectively reduce the cost and the weight of the loudspeaker
magnet. This would be an obvious potential benefit for practical applications. The results
also revealed that the total stiffness was smaller than that of a typical SL reported in the
literature. Lower stiffness suggests that the backing air cavity needs to be larger; for
example, when the loudspeaker suspension diaphragm stiffness is 900 N/m, a cubic cavity
with a side length of 23.5 cm is needed to provide the remaining stiffness.

Table 2. Parameter upper bounds and step size settings.

Parameter Upper Bound Step Size Optimal
AR 2002 020 20
AL 5mH 50 uH 0.85 mH
Ce 5mF 50 uF 0.7 uF
AKm 1.95 x 10* N/m 390 N/m 1560 N/m
Mm 10g 02g lg
Bl 6 Tm 0.2 Tm 22Tm

3.3. Optimal Sound Absorption for a Five-Parameter SL

The optimization results of the six parameters showed that the loudspeaker suitable
for optimal sound absorption has the advantage of smaller Bl. In practical applications,
the thickness of the loudspeaker should be as small as possible, which means that the Bl
should be as small as possible. As an example, for the value of Bl set to 0.5 Tm, is taken
into account in the algorithm; thus, the optimization procedure becomes an EBA of the
remaining five variables. The optimized mechanical and electrical parameters of the SL by
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the five-dimensional EBA are listed in Table 3. The theoretical absorption coefficients under
this condition are shown in Figure 3, and the average absorption coefficient is up to 0.96.

Table 3. Parameter upper bounds and step size settings.

Parameter Upper Bound Step Size Optimal
AR 200 020 020
AL 5mH 50 uH 0.15mH
Ce 5mF 50 pF 2 mF
AKy, 1.95 x 10* N/m 390 N/m 1170 N/m
Mm 10g 0lg 05g

Re(Zsys)/ZairA Absorption coefficient o

S
©
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Figure 3. Optimized sound absorption of the SL by a five-dimensional EBA, (a) the sound absorption
coefficient, (b) the specific acoustic resistance, (c) the specific acoustic reactance.

Below 150 Hz, the system resistance is less than half of that of the air, and the absolute
value of sound reactance deviates from the zero point, which together leads to a lower value
of the sound absorption coefficient in this frequency band. The peak of sound absorption
occurs around 300 Hz, where the system resistance is close to 1 and the system reactance
trends towards 0, as shown in Figure 3b,c.

The optimized total stiffness shown in Table 3 is relatively small. In this case, when
the loudspeaker’s suspension diaphragm stiffness is 900 N/m, a cubic cavity with a side
length of 31.8 cm is required to provide the remaining stiffness. If the volume of the air
cavity needs to be sufficiently reduced, the loudspeaker’s suspension diaphragm stiffness
must be set relatively low. Compared with Table 2, when the Bl becomes smaller, the total
resistance and inductance are relatively reduced, and the required capacitance is increased.

4. Experiment of Optimal Sound Absorption for a Four-Parameter SL

Since there were no loudspeakers available that were specifically suitable for optimal
sound absorption, a commercial loudspeaker was used for the experimental verification.
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Computer

X

Thus, only four parameters of the SL, namely AR, AL, C,, AKp,, needed to be optimized.
The experimental setup is shown in Figure 4 and a photograph of the setup is shown
in Figure 5. The inside diameter of the impedance tube (SW422 (BSWA, Beijing, China))
was 100mm, and the noise signal generated by the computer was amplified by a power
amplifier (PA50 (BSWA, Beijing, China)). When the loudspeaker is excited to emit a sound
source, the end of the impedance tube uses a dual microphone (BSW416 (BSWA, Beijing,
China)) to pick up the sound signal. The four-channel digital collector (MC3242 (BSWA,
Beijing, China)) samples the signal and sends it to the computer for data processing. The
loudspeaker (M4N (HiVi, Zhuhai, China)) was fixed at the end of the pipe by an air cavity
equipped with a piston.

Rigid Cylinder

Power
Amplifier

Digital
Collector Shunt
circuit

Microphonet  Microphone2 Rigid Piston
/\/_. ‘_\/\ IM4N] :ﬂ
Air cavity

Incident wave Reflection wave
Sound Source Acoustic
Absorber;
Figure 4. Experimental setup of the SL.
Digital DC Impedance Rigid
Collector Power  Tube Cylinder

\ Microphone

Figure 5. Photograph of the experimental setup.

For the accurate establishment of an SL absorption model, the exact mechanical and
electrical parameters of the loudspeaker need to be known. Generally, the factory-calibrated
parameters of the loudspeaker are accurate, but the actual parameters will change after it
is assembled due to the coupling influence in the impedance. After assembly, the damping
of the loudspeaker is nonlinear and difficult to predict accurately [22]. This will lead to a
mismatch between the results of the theoretical predictions and the actual experiments, so,
in our experiment, the actual damping was used in the calculation. The following describes
how to experimentally determine the values of AJ, AKw,, My, R, L, BL.

4.1. The Experiment of Parameter Determination
4.1.1. Determination of Mechanical Parameters

The loudspeaker was assembled at the end of the standing wave tube, in accordance
with the open-circuit state. The cylinder piston was placed on the leftmost side. The
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resistance and reactance diagram is shown in Figure 6a,b. The theoretical equation of
acoustic impedance is:

Im[Z,(w)] = jwMy + AKy / jw (10a)
Re[Z(w)] = 6 (10b)
6 T T T T T T
3 T T T T T T
(a) (b)
25} 4r
. 2F = 27
245} . 2ot
£ = Experiment £ = Experiment
% % = Prediction
e 0 i =5 J
0.5 : -4 1
0 \ L , . . . 6 ) \ . . . .
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450
Frequency(Hz) Frequency(Hz)

Figure 6. Experimental impedance of the open circuit: (a) the specific acoustic resistance; (b) the specific acoustic reactance.

As shown in Figure 6a, the actual resistance of the system was not a constant value, but
a nonlinear function that is dependent on the frequency. There was a damping peak at 380
Hz, which was caused by the resonance of the mechanical system. According to Equation
(10a), the reactance of the system was only related to the moving mass and stiffness. There-
fore, the equivalent moving mass and stiffness can be calculated by fitting the measured
acoustic reactance using the least squares method. The equivalent moving mass of the loud-
speaker in this experiment was 7.5 g and the system stiffness was 14,724 N /m; therefore,
the three mechanical parameters of the loudspeaker could be accurately determined.

4.1.2. Determination of Electrical Parameters

The coil resistance R. can be measured directly using a Digital Multi-Meter. In contrast,
the coil inductance L has a frequency-dependent nonlinearity, so its value as determined by
multi-meter measurement would be inaccurate. L. can be fitted under short-circuit states,
and when the R, L., Bl are introduced, the system acoustic impedance can be expressed as:

~ (B)’Le
Rc2 + szcz

AKy
jw

BI)?R,
(Bl) LCZ]+

RZ+a? (i

Zshort = jw[Mm ]+ [6m +
First, according to the frequency at the resonance peak and the absorption coefficient,
the Bl and the coil L. can be counted out at the resonance frequency fj, as shown in

Equations (12) and (13).

_ [ Kys _ NS
fO —\/ Mays /21 = (B L /2m 12
" ReZtwg2LeZ 12)
. (B Le (BI)-Rc AKy
- P=1- \JwO(M"’ ~ R’ rarr) t On oy gara) + e — poceS 2 13)
T 70 . BI)> L BI)* R AKy
0 ]LU()(Mm - R((2+2:JOZL(2) + (5771 + R¢(2+2/J[)2LCZ) + ]TO + pOCOS
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The resistance measured from the three sets of experiments for the short circuit
and the open circuit are shown in Figure 7. According to Equations (10b) and (11),
the resistance difference between the short circuit and the open circuit is expressed as
(BZ)ZRQ / (Re* + w?L,?). For a small signal input, Bl can be regarded as a constant value.
By using least squares method at each frequency, the theoretical value of L. can be cal-
culated. The calculated B! was 4 Tm, and L. was 0.68 mH. The actual parameters of the
loudspeaker were all obtained. In Figure 8, the theoretical calculation results and the actual
sound absorption results are shown to match better in the short-circuit state, which verifies

the parameters obtained.
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4.2. Experimental Results

The resistance obtained from the experiments in the open-circuit state was sampled
and used in the optimization program as the actual damping. M;, and Bl obtained in
the previous section were taken as fixed parameters. The optimization procedure thus
becomes EBA about AR, AL, Ce, AK;;. The upper bound settings, step size settings and
optimal parameters are shown in Table 4.

Table 4. Parameter upper bounds and step size settings.

Parameter Upper Bound Step Size Optimal
AR 250) 010 1.6Q
AL 5mH 50 uH 1.6 mH
Ce 5mF 50 uF 0.4 mF
AKm 1.8 x 10* N/m 360 N/m 11,880 N/m

The experimental balance resistance R;, is 1 (), and the selected operational amplifier is
OPA552 — PA with a £15 V power supply. The experimental and theoretical predictions were
in good agreement in the overall frequency band. As shown in Figure 9a, in the target frequency
band, the average absorption coefficient was 0.65, and the overall absorption coefficient was
improved compared with the short-circuit condition. However, due to the larger M,, and B! of
the loudspeaker, the SL was less adjustable. Compared with the open-circuit case in Figure 6b,
the total reactance of the SL shown in Figure 9c was significantly lower over a wide frequency
band, especially in the 150-300 Hz band, where it trended toward zero, which allowed the
reactance to better meet the matching conditions. As shown in Figure 9b, the resistance below
450 Hz was much larger than the air acoustic resistance, so the SL over-damping limited further
improvement of the sound absorption level.
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Figure 9. Comparison of the four-dimensional EBA simulation and measurement: (a) the sound
absorption coefficient, (b) the specific acoustic resistance, (c) the specific acoustic reactance.
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4.3. Discussion

The experimental results of the four—parameter optimization showed that loudspeak-
ers on the market have large values of moving mass and force factor, which limit the sound
absorption performance improvement of the SL. The EBA optimization simulation indi-
cated that a loudspeaker suitable for sound absorption should be characterized by small
moving mass and force parameters. This would facilitate the miniaturization and design
of a lightweight SL, as well as allowing for innovation in the loudspeaker structure. As
shown in Equations (6) and (7), the introduction of the shunt circuit inevitably increases the
acoustic resistance, while reducing the system acoustic reactance. Since excessive damping
is a disadvantage for sound absorption, designing a loudspeaker with small amounts of
linear damping should be the focus of future research. In addition, designing a large-area
SL for diffuse field sound absorption would also be worth studying.

5. Conclusions

In order to obtain excellent sound absorption in the frequency range of 100-450 Hz, a
fully exhaustive backtracking algorithm was proposed for optimizing the loudspeaker and
shunt circuit parameters. For a given loudspeaker, the experimental method to determine
its parameters was provided, and the optimal sound absorption algorithm under four
parameters was verified by measurement. Through multiple-parameter optimization, it
was found that the force factor and moving mass can be sufficiently reduced in comparison
with that of a typical four-inch loudspeaker available on the market. The results imply
that if an air cavity is properly sized, the SL can be redesigned to achieve good sound
absorption, while also significantly reducing the weight and volume of the loudspeaker.
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Abstract: From a circular economy perspective, the acoustic characterization of steelwork by-products
is a topic worth investigating, especially because little or no literature can be found on this subject.
The possibility to reuse and add value to a large amount of this kind of waste material can lead to
significant economic and environmental benefits. Once properly analyzed and optimized, these by-
products can become a valuable alternative to conventional materials for noise control applications.
The main acoustic properties of these materials can be investigated by means of a four-microphone
impedance tube. Through an inverse technique, it is then possible to derive some non-acoustic
properties of interest, useful to physically characterize the structure of the materials. The inverse
method adopted in this paper is founded on the Johnson-Champoux-Allard model and uses a
standard minimization procedure based on the difference between the sound absorption coefficients
obtained experimentally and predicted by the Johnson-Champoux—Allard model. The results
obtained are consistent with other literature data for similar materials. The knowledge of the physical
parameters retrieved applying this technique (porosity, airflow resistivity, tortuosity, viscous and
thermal characteristic length) is fundamental for the acoustic optimization of the porous materials in
the case of future applications.

Keywords: steel industry by-products; circular economy; sound absorption; sound reduction index;
granular materials; inverse method

1. Introduction

The steel industry is one of the main global economic sectors providing raw materials
for a wide variety of manufacturing processes. During the various activities, a steel plant
produces large amounts of waste under different forms. In recent decades, this type of
industry is also trying to gradually leave the linear economy model and aim for the global
and ambitious “zero waste” target [1], focusing its efforts on the development of innovative
and sustainable production schemes. The emerging principle of the circular economy
supports the reuse and recycling of industrial by-products, creating a symbiosis [2] which
encourages collaboration and synergy with different sectors. The final goal is to develop
new business opportunities through the conversion of waste into valuable raw materials
or secondary materials exploitable in other sectors [3]. These activities allow the steel
industry to reduce its environmental impacts: indeed, the reduction in waste materials
can be ensured by providing an alternative solution to safe and environmentally friendly
disposal of polluting industrial wastes and by avoiding the extraction of new natural
resources. In this way; it is possible to achieve both environmental and economic benefits
for all the industries involved in the symbiosis.

The main waste product of the steel industry is represented by slags. There are
different types of slag, depending on the type of furnaces, raw materials and process
adopted during production. The slag deriving from melting the scrap iron by an electric
arc furnace (EAF—Figure 1a) is generically defined as “black slag”. Such a type of waste
material results from the oxidation of the scrap and includes impurities and compounds
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generated by the additives used to control the chemical processes. These elements form a
layer that floats on top of the molten steel in the furnace, insulating the liquid part from
the external environment and helping maintain the temperature inside the furnace at the
right set-point. At the end of the process, the floating layer is collected and cooled down,
resulting in “black slag”. The melted steel is then processed and refined in a ladle furnace
(LF—Figure 1b). The slag deriving from this process is defined as “white dross”, or “white
slag”, and has completely different chemical and physical properties if compared to the
black slag.

X Grafite
High current electrodes
cables

Grafite
electrodes

Alloy
hopper

Fume extraction

Slag removed

from surface

through door
N

T

Molten
steel

Slag Molten steel Slide gate Argon gas

(a) (b)
Figure 1. Schematic drawings of EAF and LF furnaces: (a) EAF furnace; and (b) ladle furnace.

The two slag types are kept separate as they have a different chemical composition
and must be treated differently. Black slag can be assimilated to natural effusive rocks of
volcanic origin, takes on granular characteristics and mainly consists of a ternary mixture
of calcium oxide (CaO), silicon dioxide (SiO;) and iron oxides (FeO), to which heavy metals
and other components, in percentages, are mixed. The white dross chemically differs
from the black slag, particularly for the content in iron oxides and calcium; therefore, this
dross, after cooling, undergoes a transformation of the crystalline lattice which leads to the
formation of a fine and lightweight material.

Some studies are actually investigating the physical properties and the environmental
compatibility of these materials, to establish the environmental impact of the slags and
how to treat them. Depending on the application field, several studies have been carried
out to characterize steel slags. One of the first practical applications of steel slags outside
the steel production cycle is as sustainable (alternative) aggregates in pavement layers for
road construction. They have been used not only for unbound layers, like road bases and
sub-bases, but also for bituminous mixtures in surface layers [4]. In [5], the EAF steel slag
was preliminarily investigated from chemical, leaching, physical and mechanical points of
view. The bituminous conglomerates have also been characterized to verify their potential
application in high performance asphalt concretes for road and airport pavements. The
comparison with the corresponding traditional natural aggregates shows that using slags as
coarse under-pavement material brings both technical and environmental advantages [5,6]:
the mixtures with EAF slag improve the mechanical properties and prevent the depletion
of raw materials.

Several studies also investigated the suitability of steel slags for civil engineering
applications in cement-based materials. In particular, they were used for replacing natural
sand [7] in the production of concrete [8-13], as armor stones for hydraulic engineering
constructions [14,15] (during the restoration of marine environments and stabilization of
shores), and finally, as an agricultural fertilizer. In [2], steel slags were investigated as to help
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in the removal of harmful elements and wastewater treatment. More recently, slags have
been used as green resource in ceramic tile production and for biomedical applications.

The development of innovative sustainable solutions, by means of already existing
or new technologies, is a goal that the steel industry is willing to pursue in order to
further reduce its environmental impacts. Recently, some critical environmental aspects
emerged regarding the use of steel slags [2,14]. The concerns are about volume instability
and leaching behavior, the latter being a crucial aspect for environmental considerations,
especially in terms of possible water and soil pollution caused by the release of heavy
metals. Such aspects must be deeply investigated and solved, depending on the char-
acteristics of the specific chemical composition of the recycled slag and the exposure to
atmospheric elements.

The study reported in [16] aimed to find an inertization process for the recovery of
steelwork slags and granite cutting waste as raw materials for the production of rockwool,
which is a good thermal insulator and acoustic absorber for the construction and automotive
sectors. It was found that the partial replacement of traditional raw materials does not
influence the thermal insulation and fireproof properties of rockwool.

In [17,18], a recent improvement consisting of a new production method was intro-
duced: high-pressure cold air is passed through the molten slag and the result is a material
consisting of slag granules characterized by an almost spherical shape. The studies provide
a comprehensive experimental characterization, in terms of fundamental and durability
properties. The outcomes of both studies confirmed that a fine aggregate of spheric slags is
a promising and advantageous alternative to natural sand in concrete pavement, also in
terms of workability, water content and cement mechanical requirements.

Granular materials are emerging as an interesting alternative to the more popular
and conventional sound absorbers. This trend is also encouraged by the large amount
of industrial waste or by-products available in granular shape. If properly treated, these
materials could become a valuable “second raw” resource, instead of using them as waste
material for landfill, with all the related costs in terms of money and environmental impact.
In this way, these materials can re-enter the production cycle and can be addressed in
different application fields. Of course, this depends on how much their properties and
potentialities are investigated and optimized. In this perspective, the steel industry is
continuing its path towards the “zero waste” and circular economy goals by funding
studies on the waste reuse and sustainable recycling and developing new technological
solutions in an effort to find new fields of application. For instance, the traditional mineral
wool production process can be applied to steelwork slag: by means of spin dryers and a
high-speed air flow, the white dross molten slag forms long fibers and a sort of wool that
could represent a partial or complete substitute to the traditional rockwool.

This paper aims to analyze the acoustic behavior of some steelwork waste materials.
In particular, slags shaped as wool, granules and spheres. As previously mentioned, the
literature describes many studies focused on the investigation of the chemical, mechanical
and thermal properties of steelwork slags, focusing on their reuse for various outcomes,
especially when combined with other materials and mixtures, such as cement, concrete
and soils. The novelty of the present study lies in the fact that, to the knowledge of the
authors, steelwork slags have never been acoustically characterized before, especially in
the form of wool, granules or spheres. It can be highlighted that the process adopted to
obtain the spheres is relatively recent. Once the acoustic properties of these waste slags
are obtained, the aim is to evaluate and optimize them as a function of the specific noise
control application at hand modifying their non-acoustical parameters. Their acoustic
characterization will be performed by means of a four-microphone impedance tube. This
technique allows one to obtain the complex acoustical properties of the tested samples. This
study will mainly be focused on the sound absorption properties of the slags. However, the
sound transmission loss (TL) will also be reported for the sake of completeness and because
it is included in the acoustic properties retrieved from the four-microphone impedance
tube method. Finally, the Johnson-Champoux-Allard (JCA) model will be employed to
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better understand the relations between the acoustic behavior and the microstructure of the
investigated materials. In particular, this theoretical model was based on the knowledge
of five intrinsic properties of the material. Such properties are usually determined using
specific laboratory equipment. In order to have a rough estimation of these parameters, a
well-established inverse characterization method was applied to find the main non-acoustic
characteristics of the materials.

The paper is organized as follows: Section 2 describes the samples analyzed and the ex-
perimental set up, including the laboratory equipment, providing the methodology for the
experimental and analytical investigation; in Section 3, the experimentally obtained results
are reported and discussed, including the comparison with the predicted results; finally,
Section 4 draws the conclusions and highlights future research directions/perspectives.

2. Materials and Methods
2.1. Porous Materials

Porous materials are the most used sound-absorbing materials in many engineering
and industrial applications. The Biot theory [19] describes how acoustic and elastic waves
propagate and dissipate energy inside a porous medium characterized by air-saturated
open-cell structures. When excited by a sound wave, the solid skeleton of the material
can be considered as acoustically rigid (i.e., motionless) over a wide frequency range.
Consequently, the compression and shear waves in the solid phase can be neglected. Thus,
only a compression wave is able to propagate in the fluid phase and the porous material
can be assumed to behave like an equivalent fluid. The absorption mechanism is possible
thanks to the structure of the porous medium: it is made by a large number of small
pores that are interconnected with each other and with the external air, thus allowing the
sound wave to enter and propagate within the cavities. During the propagation process,
the viscosity of air in the pores causes viscous losses. The conversion of sound energy
in internal energy and the subsequent dissipation caused by the viscosity of air enables
obtaining a certain sound absorption [20].

Recently, increasing interest has emerged in granular porous materials [20-24], consid-
ered to be a promising alternative to the more traditional fibrous or foam sound absorbers,
thanks to their advantage of merging a good sound absorption with interesting mechanical
properties and low production costs [25,26].

Granular materials are made of assemblies of particles that can have the same or differ-
ent shape and diameter. The grains, that can be hollow, porous or solid, represent the rigid
frame of the medium while the fluid (i.e., air), saturating the interconnected cavities, can be
assumed as an equivalent homogeneous fluid, characterized by two effective (or equivalent)
properties: the equivalent dynamic density pe; and equivalent dynamic bulk modulus K.
At the macroscopic level, the viscous and thermal losses that occur in porous media and
are responsible of the energy sound dissipation, can be related to the so-called transport (or
non-acoustic or macroscopic) parameters: depending on the model chosen to characterize
the acoustic performance of the investigated materials, these parameters differ in number
and type. The appropriate knowledge of the relationships relating the acoustic behavior to
the microstructure is of importance to customize the material for specific target frequencies.
As effectively summarized and described in [27,28], these models can be mainly sorted
into empirical, phenomenological, and semi-phenomenological/microstructural models.
The Delany-Bazley model [29], designed for fibrous and cellular materials and based on
airflow resistivity as relevant parameter, and the Miki model [30], which improved the
previous one with the inclusion of two additional non-acoustic parameters, porosity and
tortuosity, belong to the first group. The Voronina-Horoshenkov model [31], suitable
for loose granular materials, is of empirical type as well, and considers the characteristic
particle dimension and specific density of the grain base in addition to porosity and tortu-
osity. In [32], the authors assumed that pore geometry and pore size distribution obey an
approximately statistical distribution. The Hamet-Berengier [33] and Attenborough [34]
models are located in the phenomenological group: the first results useful for porous pave-
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ments, the latter for fibrous and granular materials and is based on five parameters (airflow
resistivity, porosity, tortuosity, steady flow shape factor and dynamic shape factor). The
Johnson-Champoux-Allard [35,36] and the Champoux-Stinson [37] models fall into the
semi-phenomenological /microstructural group and involve five non-acoustic parameters:
porosity, airflow resistivity and tortuosity are common to both, whereas the JCA model uses
thermal and viscous characteristic lengths, and the Champoux-Stinson model considers
viscous and thermal shape factors.

Subsequent implementations of the JCA model, such as the six-parameter Johnson—
Champoux—Allard-Lafarge (JCAL) model or the eight-parameter model of Johnson-Champoux
—Allard-Pride-Lafarge (JCAPL), involve more parameter, such as viscous and thermal tor-
tuosities and permeabilities. Compared to the JCA model, they provide more precision at
low frequencies [38]. In general, the more sophisticated models require more parameters
and have better performances. Nevertheless, as a counterpart, they are more complex and
demanding. All the aforementioned models require physical techniques to measure the
non-acoustic parameters. Some of them involve expensive set-ups and even complex or de-
structive tests. Recently, multiscale analyses have been developed to compute non-acoustic
parameters by means of numerical simulations at the microstructural level [21,22]. The
multiscale approach, which establishes micro-macro relationships, bypasses the difficulty
of direct measurements by developing specific finite-element analyses.

Each model has its application field, related to the type of material its development is
based on, and respective limitations and advantages. More details about these aspects and
model comparisons can be found in [21,22,25,27,28,39-41].

In this work, the five-parameter JCA model, better described in Section 2.2, was se-
lected to perform the investigation: it is one of the most known generalized models, suitable
for the accurate description of the wide-band sound propagation in porous materials. It is
a robust model as it is applicable to the random geometry of porous materials, it allows
rapid calculation and the five parameters, having a physical meaning, and can be directly
measured by experiments. The JCA model, coupled with the four-microphone impedance
tube and inversion methods, results to be a well-established and fast technique to investi-
gate the intrinsic properties of a material, thus being a valuable alternative whenever direct
measurements are not available.

2.2. JCA Model and Inverse Method

The JCA model assumes that rigid-frame open-cell porous media can be seen as an
equivalent fluid of effective, or equivalent, dynamic density p; and equivalent dynamic
bulk modulus K;. These equivalent properties depend on five transport (or macroscopic—
non-acoustic) parameters: open porosity @; static airflow resistivity o; tortuosity ae;
viscous characteristic length A; and thermal characteristic length A’. These parameters
are referred to the geometry of the porous material and describe the complexity of the
porous network.

By definition, open porosity @ is a measure of the volume fraction of air (Vpy;4) in the
total volume (V) or the complement to unit of the ratio between the solid volume of the
frame (V,;4) on the total volume [42]:

Vi .
_ fluid —1— Vsolid (1)

]
Viot Viot

Airflow resistivity expresses the resistance opposed to the airflow while passing
through the material. It can be calculated as [42]

Ap

- _r Ns/m?* 2
z)airflowd [ ° m] @

with Ap as the pressure drop across the medium, 0y the amount of airflow passing
through the material and d its thickness.
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Tortuosity ae is an intrinsic property of the porous frame, related to the micro-
geometry of the interlinked cavities. It is a dimensionless quantity that expresses the
tortuous fluid paths through the porous material. It can be calculated as [42]

17, 1
(xoofv/vv dV/‘Vﬂ/vdV

where v is the microscopic velocity of an ideal inviscid fluid within the pores and V a
homogenization volume that expresses the volume of free fluid contained in the cavities.
Tortuosity cannot be lower than 1.

Viscous characteristic length A is used to describe the viscous forces generating
within the cavities at high frequencies and is related to the characteristic dimension of the
connection between pores—particularly to the mean diameter of the hole connecting two
adjacent cells, expressed in micrometers. It is given by [42]

2

@)

o [ 2 2
Afz/vm dV//S [0]2dS  [um] @

where S is the specific surface that denotes the total contact surface between the frame and
the pores.

Thermal characteristic length A” describes the thermal exchanges between the solid
frame and its saturating fluid at high frequencies and it is related to the pores dimension,
especially to the mean diameter of the cell in micrometers; it can be expressed as [42,43]:

A’:z/v dV//S dS=2V/S  [um] )

Alternatively, A and A’ can be calculated in function of the above-described parame-

ters, as follows [38]:
1 8oty 12
A=—
c1 { ocd } ©

1/2
A/ _ l |:8a°°i7:| (7)

o Co | O (3}
where 7 is the viscosity of air, ¢; and ¢, are pore shape parameters, related, respectively, to
the viscous and thermal dissipation, and they can assume values in the following ranges:

03<¢; <33 (8)

03<c <c )

In the case of the granular material shaped in spheres, the calculation of the macro-
scopical parameters can be simplified in function of the porosity @ and particle radius r as
follows [21,23]:

45(1—-@)(1—-0)y

= 10
7 2022(5 - 96175 + 50 — 02) (10
1-9
oo =1+ — o~ (n
41 -0)Pan
A= WI’ (12)
d( @
I — — [
A= 3 (1 — q;) (13)
where 6 is expressed as
_3(1-@)
0= v (14)
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The purpose of the model is to finally obtain the acoustic behavior of the analyzed
material, so the procedure to compute the sound absorption coefficient is made with the
following steps:

e Once the five non-acoustic parameters (P, 7, A, A, /') are obtained with one of the
methods described below, it is possible to calculate the effective quantities po; and Keg;
e  From the equivalent properties, one can predict the acoustic parameters: characteristic
impedance Z. and complex wave number k;
From Z. and k, the surface impedance Zs can be deduced;
Finally, from Zs the normal incident sound absorption coefficient & can be calculated.

Starting from the five non-acoustic parameters, the equivalent properties Peq and Keq
can be computed as follows:

QP | O diaZ npow 12 3
Pa =" Tio\! T g2 (kg /m’] (15)
ch _ KPO/® o — [kg/msz} (16)
8 ipgwNy A2
K= (k1) {1 + ipowlz,,A’Z (1 +5 Tor ) }

where pj is the density of air, w = 271f is the angular frequency, # is the air viscosity, « is the
specific heat ratio and Ny is Prandtl number of the saturating air.

Once the effective properties are obtained, it is possible to determine the complex
acoustical parameters [44]; the characteristic impedance Z:

Ze = (peyZeg)'"? [Ns/mﬂ 17)
and the complex wave number k:
ke = o.;(,ogq/Zfl,q)l/2 [mfl] (18)
From these acoustic properties, the surface impedance Z; can be derived as follows:
Zs = Ze-cot(ked) [mfl] (19)
Finally, the normal incidence sound absorption coefficient « is calculated as

4Re{Zs}poco

- Zs — poco |*
‘Z5|2 +2pocoRe{Zs} + (POCO)Z

or a=1-—
Zs + poco

(20)

where ¢y is the speed of sound in air.

Classical methods to estimate the non-acoustic properties can be mainly classified in

three groups [45]:

1. Direct methods, which allow obtaining the macroscopic parameters through direct
measurements, thus requiring specific laboratory equipment or a dedicated setup for
the determination of each single property;

2. Indirect methods, based on an acoustic model providing the relations and formulas
that link the non-acoustic parameters to the acoustic measurements;

3. Inverse methods, consisting of an optimization problem where, once the difference
between the experimentally measured and analytically estimated acoustic perfor-
mances is minimized, the non-acoustic properties are progressively refined to an
optimum value.
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Indirect and inverse methods are based on impedance tube measurements or ultra-
sound measurements. The indirect method uses the equivalent properties, p,q and K,
obtained from measured Z. and k. values by using an impedance tube, and combine (17)
with (18) as follows [45]:

Zcke
w

and  Keg = (21)

Peq = ke
At this point, it is possible to extract non-acoustic parameters from the limit behavior

of the effective properties [44]:

Po%eo
oo Pots 22)
(Jim Refp)
o = = lim [Im{pey } ] @3)
2
o= { i v -
) 1/2
) Lol
A=1 00 »
P (w@lm{pgq}(potxw - ‘PRE{Peq})> =
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A= {(Np)m ( lim { Refkec} (2’7)1/2} _ 1) (26)
k—1 \w=eo| Im{kec} \ wpo A
where c is the speed of sound within the material.

Alternatively, in [45], a straightforward procedure is proposed where, in addition
to the effective properties p,; and K, the direct measurement of the open porosity &
is necessary. In this case, the analytical solutions suitable to obtain the macroscopic
parameters starting from the effective properties are reported below [45,46]:

¢ = — g lim [Im{pqe)] @)
1 o\2\ "
e ot @)
2 1/2
A= o Po1] ] 29
“memw%—mmm )

2\ 1/2 1—Ku/K,\2)) ! 1z
A= <i> 2<Im{<q> }) (30)
pow 1 —xKeq/Kq
where K, = kPy/®, with Py static pressure, is the equivalent adiabatic bulk modulus of the
equivalent fluid.

Inverse methods generally need a surface acoustic property to start with, such as the
sound absorption coefficient or surface impedance, both obtained from impedance tube
measurements. The optimization process is based on the fact that the unknown parameters
(in this paper, the five non-acoustic parameters) are adjusted so that the estimated surface
acoustic property is as close as possible to the one experimentally obtained. The objective
function is designed as a cost function where small values mean close agreement.

There are different optimizing methods: for instance, the group of global optimization

techniques includes the simulated annealing [20], based on Monte Carlo iteration, and
the class of evolutionary algorithms, such as genetic algorithms [42,44] and differential
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evolution algorithms [38]; moreover, there are standard minimization procedures, such
as nonlinear best-fit [42,47], which is a direct search method that requires an initial trial
guess of the parameters and operates within a research domain set on the lower and upper
bound constraints for all the variables.

2.3. Experimental Characterization—Four-Microphone Impedance Tube

In this paragraph, the experimental set-up used for the characterization of the samples
is described. The measurements of the acoustic properties have been performed by means
of the four-microphone impedance tube method, following the process given by the ASTM
E2611 standard [48]. On one end of the apparatus features, a loudspeaker generates a
plane wave field inside the tube. The other end can be configured with two different
types of termination (anechoic and/or reflecting), to perform the investigation with two
different boundary conditions. Two microphones are mounted in front of the sample, at the
“emitting side” of the tube, and the other two microphones are placed close to the sample
at the “receiving side” of the tube.

A transfer matrix approach can be used, allowing to relate the particle velocities (1;)
and the sound pressures (p;) at both surfaces of the tested sample. Denoting the front
surface of the sample with the coordinate x = 0 and the back surface with x = d, the resulting
transfer matrix can be written as

po | _| Tn TIZ}{PL{} 31
[ o } [ Ton T || g 6D
Thanks to the comparison between the signals measured by the four microphones, it
is possible to apply the decomposition technique: referring to Figure 2, the upstream and

downstream sound field can be distinguished in two forward travelling waves (A and C)
and two backward travelling waves (B and D).

Sound source Specimen Anechoic termination

Figure 2. Schematic drawing of a four-microphone impedance tube.

The wave components A-D represent the complex amplitudes of the incident and
reflected waves on both sides of the sample and can be derived from the complex transfer
functions H; r measured between the -ith microphone (i=1, ..., 4) and the reference (ref)
microphone. In this study, the first microphone was selected as the reference microphone,
but generally any of the four microphones can be chosen for this role. At this point, an
interchanging procedure must be applied between the transducers to correct the measured
transfer functions for amplitude and phase mismatches. Once the corrected transfer
functions are obtained by dividing the measured transfer functions by relative correction
transfer functions, the four components A, B, C and D can be obtained. These coefficients
are used for the derivation of the transfer matrix terms. Pressures and particle velocities
at both sides of the sample can be determined in terms of incident and reflected plane
wave components. In the case of geometrically symmetric specimens, since the physical
properties are the same on either side, reciprocity and symmetry can be applied and a single
set of measurements is sufficient to characterize the material. The acoustical properties
of the sample can thus be calculated as a function of the transfer matrix elements, the
acoustic impedance of air, the sample thickness and the wavenumber in air. In particular,
the following properties are obtained:
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- Normal incidence sound absorption coefficient, a;
- Normal incidence sound transmission loss, TL;

- Propagation wavenumber inside the material, k;
- Characteristic impedance inside the material, Z.

The Applied Acoustic Laboratory impedance tube at the University of Brescia is
composed of two 1200 mm long-segments, with an internal diameter of 46 mm, determining
a cross-section that ensures that the plane-wave assumption is verified up to approximately
3700 Hz. The loudspeaker is installed in an isolated and sealed volume at the source
endpoint of the tube. Through the connection to the generator of a multichannel analyzer, a
wide-band white noise test signal (50 Hz-5 kHz) is created inside the tube. As the samples
tested in this article are symmetric, it was not necessary to use a double boundary condition,
and the second endpoint of the tube was equipped with an anechoic termination.

The sample holder is a detachable unit, made of separate segments of tube of appro-
priate length, which can be usually chosen to be 50, 100 or 200 mm long. Once carefully
filled with the material to be tested, the holder is placed in the central section of the tube,
between two microphone pairs, and it is additionally sealed to the main parts of the tube
by means of O-rings and petroleum jelly for assuring air tightness. Four PCB microphones
Type 130F22 are inserted in openings sealed with O-rings and flush mounted with the
inner surface of the tube. The microphone pairs are spaced 500 mm for low-frequency
measurements and 45 mm for high-frequency measurements. It is worth noting that this
study focuses on high-frequency characterization (200-3150 Hz). This choice was made
because the JCA model used for the inverse characterization is less accurate in the low
frequency range, as discussed in [38]. The transducers are connected to an OROS OR
36 multichannel analyzer which measures the complex transfer functions between the
microphones. All the microphones were calibrated before the test by using a Bruel and
Kjaer pistonphone Type 4228. In Figure 3, some details of the four-microphone impedance
tube used for the experiments are shown.

(a) (b)

Figure 3. Details of the four-microphone impedance tube: (a) the sound source; and (b) central part
with the inserted sample holder and the two microphone pairs.

To determine the transfer matrix elements, it is necessary to measure the complex
sound pressure, including amplitude and phase, at four positions. Once microphone 1 is
chosen as a reference, the standard procedure requires a first measurement with all the
microphones placed in the port corresponding to their respective number, and then three
other measurements are made by physically switching the location of each microphone
with the reference microphone 1. This enables obtaining the correction of the transfer
functions for phase and amplitude mismatches. In this way, for each tested sample, four
measurements have to be executed. A self-built MATLAB® code allows one to post-process
the measured transfer functions and to describe the acoustic behavior of the tested material,
giving as an output the normal incidence sound absorption coefficient &, the normal
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incidence sound transmission loss TL, the characteristic acoustic impedance Z, the speed
of sound ¢ and the propagation wavenumber k. in the tested material. To correct the speed
of sound in the air and the air density values, the temperature and atmospheric pressure
were measured before each test and then considered during the post-processing phase.

3. Tested Samples

Among the different types of waste resulting from the steel production, slags probably
represent the main (90% by mass) and most hazardous one, due to the possible content of
heavy metals such as chromium, manganese and iron. In order to make slag suitable for
recycling and reuse, a deep knowledge of its composition and physical properties is needed,
to apply appropriate stabilization and inertization methods that allow environmentally
sustainable applications of slags.

In this work, three types of steelwork waste materials were analyzed: wool derived
from white dross, spheres derived from black slag, and spheres encapsulated in an inert
material. The first material is a white wool, made of long fibers, similar to mineral wool
or glasswool. This material is derived from a centrifuge process of the white dross and it
features inclusions of transparent spheres and thin dark flakes, as shown in Figure 4.

Figure 4. Sample of wool derived from white dross.

The second material is a conglomerate of spheres derived from black slag, as shown
in Figure 5. Three diameters (&) ranges were obtained by using progressive sieves on
a sample of unselected byproduct. The samples are categorized as “BIG” (@ € [1.4; 2.0)
mm), “MEDIUM” (& € [0.71; 1.4) mm) and “SMALL” (@ € (0; 0.71) mm) depending on
the dimension of the spheres. The composition of the sample is approximately: 15% BIG,
35% MEDIUM and the remaining 50% SMALL spheres.

The third material is made of spherical black slag embedded in inert material, resulting
in an irregular granular assembly, as shown in Figure 6. After the spherification process,
a fluid cement consisting of mixtures of hydraulic binders (lime, silica and alumina) is
mixed with the slag spheres. This mixture completely covers the granules and makes
them inert. Table 1 reports the samples thickness, the net weight and the density of the
different materials considered in this work, together with the diameter ranges of slag
spheres specimens.
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Figure 5. Conglomerate of spheres derived from black slag: (a) sample “BIG”, with @ € [1.4; 2.0) mm; (b) sample “MEDIUM”
with @ € [0.71; 1.4) mm; and (c) sample “SMALL” with @ € (0; 0.71) mm.

Figure 6. Sample of slag spheres encapsulated in inert material.

Table 1. Characteristics of the analyzed specimen: sample thickness, net weight and density.

. . Net Weight Density

Material Sample Thickness(mm) (kg *10°) (kg/m?)
White dross wool 50 29.23 368
Slag spheres “BIG” 100 312.96 1968
@ € [1.4;2.0) mm 50 164.72 2071

Slag spheres “MEDIUM”
@ € [0.71;1.4) mm 50 175.38 2204
Slag spheres “SMALL”

@ ¢ (0;0.71) mm 50 185.64 2334
Incapsulated spheres 50 136.46 1716

The second and third material specimens were prepared in the following way:

1. The front surface of the sample holder cylinder was terminated with a protective

layer, sealed by glue along the perimeter to contain loose granules and guarantee
flat surface;
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2. A quantity of granules freely fell and randomly into the sample holder while kept in
vertical position;

3. Aslight manual vibration was applied to pack the granules;

4. Occasionally, the loose samples were compacted with a soft pressure on the top end
to ensure the correct filling and to level the surface;

5. A non-woven fabric layer, glued along the perimeter, was applied to close the other
side of the sample holder.

Previous separate measurements had confirmed that the protective layer, Figure 7,
has no influence on the acoustic properties of the tested samples.

(@ (b)

Figure 7. Examples of protective layers: (a) top surface of the sample closed by the protective layer
sealed by glue; and (b) protective layer.

4. Results and Discussion

In Figure 8, the measured sound absorption coefficient and transmission loss of the
white dross wool are presented. This material features an “S-shaped” absorption curve
with the characteristic behavior typical of porous—fibrous materials, that is low values at
low frequencies and values approaching a unit value at high frequencies: in particular,
starts with a value of 0.13 at 200 Hz, it linearly increases and around 1700 Hz, it reaches the
unit value. The TL curve is also typical for fibrous materials, it does not reach high values
but at about 1250 Hz, it shows a change in slope with an increasing trend.

In Figure 9, the acoustic performances of all the samples made of slag spheres of the
three diameter ranges are shown in the same graph. The absorption coefficient curves of
BIG and MEDIUM samples can be referred to the typical quarter wavelength resonance
behavior of granular materials: the oscillations of the sound absorption for granular
materials are caused by the air gap around the granules. If the gap between granules is too
small or too large, not enough friction and subsequent heat transfer can develop between
the air and the solid skeleton of the pore wall during the propagation of sound waves [20].
The first peaks are, respectively, at about 580 Hz for sample BIG of 100 mm length, 1330 Hz
for sample BIG with 50 mm of thickness and about 1190 Hz for sample MEDIUM, which is
50 mm long. As the dimension of the sample increases, a more complex gap distribution
occurs together with longer channels. While the acoustic wave propagates, the air particle
collisions and the flow volume raise within the pores, resulting in a higher dissipation of
energy. When the natural frequency of the spheres mix decreases, the sound absorption
peak shifts to a lower frequency.
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Figure 8. Acoustic properties of white dross wool sample: (a) sound absorption coefficient; and (b) transmission loss.
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Figure 9. Acoustic properties of slag spheres samples BIG, MEDIUM and SMALL: (a) sound absorption coefficient; and (b)
transmission loss.

It can be observed that for the SMALL sample, a smooth absorptive behavior is present
where the resonance peaks and throughs are suppressed. As stated in [31], for large grain
mixes, the absorption coefficient spectrum shows an oscillating trend, corresponding to
resonance maxima and minima. On the contrary, small grain mixes lose the resonant
behavior, featuring a less pronounced trend. For this reason, the transmission loss of
SMALL sample is higher than the one measured for the BIG and MEDIUM samples
throughout the whole frequency range of interest. This may be caused by the nature of the
SMALL sample, featuring spheres with @ € (0; 0.71) mm. Such structure can be considered
since compact sand and its higher density results in a very high airflow resistance. This
gives rise to a reflective behavior. In the frequency range between 200 and 300 Hz, a drop
in both « and TL values of the SMALL sample were observed, probably because of the
rigid frame resonance of the system.

Figure 10 shows the absorption curve of the slag spheres sample embedded inside an
inert material. Additionally, in this case, the graph shows the typical quarter wavelength
resonance behavior of granular materials. The first peak almost reaches a unit value around
1390 Hz. The transmission loss remains quite low throughout the whole frequency range
of interest.
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Figure 10. Acoustic properties of slag spheres encapsulated in inert material: (a) sound absorption coefficient; and (b)

transmission loss.

In order to easily compare the performances of different materials, the weighted
noise reduction coefficient (NRC) and the sound absorption average (SAA) [49] are used to
summarize the absorption characteristics of the tested samples by single rating numbers:
they range between 0 and 1, in the case of perfectly reflective or perfectly absorptive
materials, respectively. As stated by the standard, NRC is rounded off to the nearest
multiple of 0.05, while SAA is rounded off to the nearest multiple of 0.01. Table 2 reports
the sound absorption coefficients for the twelve one-third octave bands from 200 to 2500 Hz
of the investigated waste materials and their respective NRC and SAA values.

Table 2. Sound absorption coefficients for the twelve one-third octave bands from 200 to 2500 Hz of the tested materials and

the respective noise reduction coefficient (NRC) and sound absorption average (SAA).

Frequency (Hz)
Material 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 SAA NRC
Wool-50 0127 0172 0235 0319 0435 0571 0707 0.838 0.937 0988 0988  0.950 0.61 0.60
BIG-100 0245 0360 0522 0736 0925 0950 0812 0.661 0.614 0.767 0.861  0.685 0.68 0.70
BIG 50 0.074  0.099 0.132 0194 0278 0399 0576 0.796 0972 0.893  0.682  0.559 0.47 0.45
MEDIUM-50 0.101  0.146 0203 0.273 0391 0530 0.698 0.836 0.867 0.769  0.639  0.589 0.50 0.50
SMALL-50 0.180 0.243 0297 0347 0368 0379 0389 0394 0407 0437 0473 0.504 0.37 0.35

Encapsulated-50 0.065

0.087 0.118 0.168 0.241 0335 0487 0712 0930 0.888 0.622  0.452 0.43 0.45

In this paragraph, the inverse method based on the standard minimization approach
is applied in order to derive the main non-acoustic parameters of the different materials
considered in this article. For this analysis, the selected optimization objective function is
the difference between the sound absorption coefficient measured by means of the four-
microphone impedance tube and the absorption coefficient predicted by using the JCA
model. Thus, the investigated cost function is defined as

CF{‘“'} = 2|“meusured - “]CAW,M! (32)

The purpose is to determine the best solution of the unknown parameters to minimize
the cost function. According to the literature [20,26,38], the intervals of the five non-acoustic
parameters are set as
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To better understand the degree of agreement between measurements and predic-
tions, using the method described in [44], the relative error E% was estimated for all the
predictions as

Measured — Predicted

E% = Measured (34)

As shown in Table 3, the error was evaluated for each computed third octave band
and then the average value of the relative error for the single material is given in the
last column.

Table 3. Relative errors for third octave bands and average values of the relative errors.

Relative Error E%

Material 200 250 315 400 500 630 800 1000 1250 1600 2000 2500 3150 Average
Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Hz Relative Error E%

Wool-50 555 1295 1498 1330 733 213 0.01 1.03 063 035 179 448 485 5.34
BIG-100 1326 633 024 453 498 090 253 075 177 103 012 193 759 3.54
BIG 50 1422 1627 1613 575 026 159 119 140 083 105 014 249 486 5.09
MEDIUM-50 1709 1475 1097 582 818 730 613 293 036 133 134 361 3.03 6.37
SMALL-50 1391 1875 1770 1565 841 227 094 207 519 496 042 647 1048 8.25
Encapsulated-50 1.08 793 13.04 18.00 1878 1201 391 3.06 281 134 126 630 973 7.64

Figure 11 refers to the wool sample and shows the comparison between the absorption
experimentally obtained coefficient and the one estimated by using the JCA model—
achieved by means of the iterative minimization method. It can be noted that there is a
good agreement between the two curves with respect to the frequency range considered,
except for a slight overestimation upstream of 630 Hz in the predicted curve, and a little
drop downstream of 1600 Hz which is not present in the measured curve.
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Figure 11. Comparison between experimental and predicted sound absorption coefficient for the

wool sample derived from white dross.
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In Figure 12, the experimental and predicted curves are depicted for the three slag
spheres samples: BIG, MEDIUM and SMALL. The predictions referring to BIG and
MEDIUM samples are in good agreement with the experimental curves, showing the clas-
sic resonant behavior. In particular, sample BIG—50 features a high degree of agreement
between the two curves above 500 Hz. In the high frequency range, a slight discrepancy
can be observed for sample BIG—100. For the sample SMALL, the estimated curve fairly
approximates the measured curve, but it does not follow the trend in an optimal way along
the entire frequency range. This is probably caused by the nature of the SMALL sample,
which is neither an absorbing nor an insulating material.
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Figure 12. Comparison between experimental and predicted sound absorption coefficients for slag
spheres samples BIG, MEDIUM and SMALL. Blue lines are referred to the respective JCA fittings.

Figure 13 shows, overall, a good correspondence between the estimated and the
measured absorption curves relative to the sample made of encapsulated slag spheres.
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Figure 13. Comparison between experimental and predicted sound absorption coefficient for the
sample made of encapsulated spheres.
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Table 4 summarizes the values of the five non-acoustic parameters obtained by apply-
ing the optimization procedure. The achieved parameters seem to be consistent with what
can be found in the literature for similar materials. Nevertheless, in [21], the authors stated
that the porosity of the random close packing of spherical beads should remain constant to
a value of approximately 0.36, when the ratio between the sample holder diameter and the
tested spheres diameter exceeds the value of 10. This corresponds to the characteristics
of the case at hand, since the internal diameter of the sample holder is 46 mm and the
diameter of the largest spheres is 2 mm. However, the discrepancies may be due to the fact
that, in this study, the spherical particles have not a single diameter value, but they are
indeed assembled in diameter ranges, thus, the internal arrangement may be different from
the one described in [21]. In order to completely validate the optimal parameters identified
by the inverse technique, the next step of the research will be the direct experimental
measurement of the five non-acoustic parameters.

Table 4. Inversely determined non-acoustic parameters.

Material d @ 7 oo A A

(mm) ¢ (Pa * s/m?) ) (pm) (um)

White dross wool 50 0.87 10550 1 114 209

Slag spheres “BIG” 100 0.50 10600 1.46 182 333

@ € [1.4;2.0) mm 50 0.52 11350 1.33 164 301

Slag spheres “MEDIUM”

& € [0.71;1.4) mm 50 0.44 30250 1.47 115 211
Slag spheres “SMALL"”

& & (0; 0.71) mm 50 0.39 144550 4 9% 169

Encapsulated spheres 50 0.52 9100 1.37 186 512

5. Conclusions

In this paper, the acoustic characterization of some steel industry waste materials
derived from black and white slags is provided. The measurements performed by using
a four-microphone impedance tube allowed us to obtain the acoustic properties of the
tested samples. As a result, the analyzed materials can be mainly considered as porous
media featuring interesting sound absorption and insulation characteristics. The wool
derived from white dross exhibits a trend of the sound absorption which is typical of
fibrous material, while slag spheres and encapsulated spheres behave as granular materials,
with an oscillating tendency whose peaks are due to the resonance of the particle frame at
a frequency corresponding to the one of a quarter wavelength resonator having the same
thickness. Only the SMALL sample showed a more insulating than absorptive behavior,
due to its higher density and airflow resistance values. It can be said that the SMALL
sample acoustically behaves like compact sand. In order to determine the non-acoustic
parameters of the samples, without the possibility of performing direct measurements,
an inverse characterization technique was applied. Based on the JCA model, the inverse
technique used relies on a standard iterative optimization procedure: the minimization
is performed between the sound absorption coefficient measured in a four-microphone
impedance tube and the one estimated by optimizing the inversion values into the JCA
model. The optimization intervals were set according to the literature data. The five
resulting non-acoustic parameters are compatible and comparable with the ones which
can be found in other studies dealing with porous and granular media. The fact that some
samples are made by spheres assembled by ranges of diameters and not by single diameter
values explains possible discrepancies with literature data. The next step of the research will
be focused on the validation of the inversion procedure and of the optimized non-acoustic
parameters, by means of specific experimental measurements. Further investigations
on the microstructure and the particle arrangements will allow the optimization and
customization of the material for specific noise control applications.
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Abstract: The use of timber constructions recently increased. In particular, Cross Laminated Timber
floors are often used in multi-story buildings. The development of standardization processes, product
testing, design of details and joints, the speed of construction, and the advantages of eco-sustainability
are the main reasons why these structures play a paramount role on the international building scene.
However, for further developments, it is essential to investigate sound insulation properties, in order
to meet the requirements of indoor comfort and comply with current building regulations. This work
presents the results obtained by in field measurements developed using different sound sources
(tapping machine, impact rubber ball, and airborne dodecahedral speaker) on Cross Laminated
Timber floors, changing different sound insulation layering (suspended ceiling and floating floors).
Results clearly show that the influence on noise reduction caused by different layering stimulated
by diverse noise source is not constant and furthermore that no available analytical model is able to
correctly predict Cross Laminated Timber floors acoustic performances.

Keywords: cross laminated timber; impact noise; rubber ball; sustainable; sound insulation; timber

1. Introduction

At present, the need of sustainable buildings is rising all over Europe and thus their
construction is growing quickly [1]. Therefore, high-rise wooden edifices are more and
more requested in the market [2—4]. These edifices are composed using different elements.
Often, timber frame is used for the construction of walls [5,6] and Cross Laminated Timber
(CLT) for floors [7,8]. In this light, CLT horizontal partitions have to fulfil many requisites
like structural integrity etc., but recently sound insulation and impact noise reduction as
well as indoor acoustic comfort are becoming important issues to manage. Anyway, bare
horizontal partitions do not easily fulfill acoustic law requirements [9] and thus many other
layers have to be added.

In order to solve these problems, many works were developed in years to study the
acoustic behavior of this type of timber element. In a recent review, Di Bella and Mitro-
vic [10] focused on bare structures elucidating their properties and construction phases.

Such structures have several advantages:

(1) eco-sustainability;

(2) anti-seismicity;

(3) thermally insulating;

(4) possibility of dry construction;

(5) possibility of raising existing structures thanks to the reduced weight.

When focusing on layered CLT elements, Pérez and Fuente [11] presented a dedicated
study using laboratory and field measurements of sound insulation and impact noise
reduction of some CLT components. Anyway, no parametric study related to the influence
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of the single layer is included. The same consideration could be applied to many other
works [12-15].

Due to the reduced weight of CLT elements, their poor acoustic performances could
lead to problems in the lower frequency range when in presence of impact noises such as
children or adults walking or running. In order to reduce impact noise or to increase sound
insulation, some other technologies have to be coupled to the bare timber floor. Two of the
most used are (i) floating floor and (ii) suspended ceiling.

Kim et al. [16] found that a floating floor addition using resilient materials ensures
good performance against lightweight impact noise, but has rather negative effects due to
the resonance on the heavy weight impact noise caused by the falling of heavy objects or
children walking/running.

It is thus evident how there is a lack of parametric studies, discussing the influence
of single noise reduction action on CLT floors and, in addition, their overall contribution
when laid together on the same horizontal partition. Furthermore, there is a lack of studies
comprising different acoustic excitation techniques on such floors [17], providing single
configuration influence on final sound reduction.

Timber constructions are relatively new in the European market. People usually live
in traditional heavyweight ones made of masonry and/or concrete. When moving on
new sustainable edifices, people feel new indoor environment and new noises, which
were not present in traditional houses. Thus, subjective evaluations are now part of the
research order to understand if timber buildings could provide a suitable environment
from the point of view of acoustic comfort [18]. In this view, the rubber impact ball was
demonstrated to be the noise source most associated with subjective reactions [19,20].
However, to the authors” knowledge, no parametric research comparing the influence of
noise reduction technologies on CLT floors is available in literature, using such a source.

For these reasons, this research presents the results of acoustic measurements using
rubber ball and tapping machine for impact noise and dodecahedral source for airborne
noise. Tests were carried out in situ in a timber building featuring CLT floors. The mea-
surements were made step-by-step during the construction phase, firstly considering the
bare CLT floor and after all the various layers. The aim of this research is to parametrically
determine the influence of different layers on impact and airborne noise reduction as well
as to understand if available analytical models could predict the measured values.

2. Materials and Methods

The test-building where the in situ measurements (airborne and impact noise tests)
were performed consists of five CLT floors (Figure 1), featuring timber frame walls, as
depicted in Figure 2.

Figure 1. Realization of the test-building.
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Figure 2. Pictures of the internal partition.

In these conditions, thanks to (i) the rock wool included within the timber studs of
the vertical partitions, (ii) the coupling of massive (CLT) and lightweight (timber frame)
partitions and (iii) the point connections, flanking transmissions are very limited (up to
1 dB overall) [21-24].

2.1. Investigated Structures

Different configurations of floor structures were built and tested, in order to under-
stand their influence on sound insulation and impact noise reduction, as follows:

1.  Bare floor;

2. Bare floor coupled with suspended ceiling;

3. Bare floor coupled with a floating floor;

4. Bare floor coupled both with suspended ceiling (rigid connections) and floating floor.
The first configuration deals with the characterization of the bare floor. This structure

features a thickness of 180 mm of Cross Laminated Timber as reported in Figure 3.

A

g
| E
8

Figure 3. Configuration 1: Bare floor.

The second studied configuration presents a common solution used in timber build-
ings: suspended ceiling (configuration 2). A suspended ceiling is used for the following
most frequent reasons: (i) including HVAC systems and thermos-hygrometric indoor
conditions [25], (ii) including air or fluids pipes or ducts [26,27], (iii) protecting timber
structures from fire [28]. Less frequently, it is intended to be used as a sound insulation
layer or impact noise reduction technology. In Figure 4, the configuration 2 is depicted.

This solution does not interfere in vibration transmission but does on the airborne
noise one. Accordingly, the suspended ceiling acts as an added layering, namely another
and different impedance from the bare floor. Thus, it constitutes a sound insulating element
laid between the source (vibrating floor) and the receiver (room). Subsequently, its influence
is related to the airborne noise more than the structure borne one.
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Figure 4. Configuration 2: Bare floor coupled with suspended ceiling.

The third configuration features a well-established technology for impact noise reduc-
tion: a floating floor. Using this decoupling approach, vibration transmission is decreased
by means of the mass-spring effect [29,30]. It is known that this technology diminishes
the transmitted noise by decoupling the covering heavyweight screed from the bare floor.
In this way, vibrations are reduced and thus the transmission to the other room will be
significantly reduced. Configuration 3 is represented in Figure 5.

Figure 5. Configuration 3: Bare floor coupled with floating floor.

In order to investigate also the coupled effect of both suspended ceiling and float-
ing floor on cross laminated timber, a further configuration (configuration 4, -Figure 6)
was considered.

Figure 6. Configuration 4: Bare floor coupled with floating floor and suspended ceiling.

In Table 1, different layers used and tested are reported, describing their thickness,
density, and elasticity.

Table 1. Floor elements description.

Element Thickness d [mm] Density p [kg/m®] Dynamic Stiffness s’ [Mn/m?3]
Screed 40 1150 -
Resilient layer 9 700 11
Screed 100 400 -
Waterproof membrane 0.2 33 -
CLT floor panel. 180 470 -
Air layer 62 1 -
Rock wool panel 60 70 -
Gypsum board 1.25 730 -
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2.2. Experimental Structures Characterization

In order to investigate the influence of different layers on bare CLT, three different noise
excitation sources were used: dodecahedral speaker for airborne noise generation, ISO
tapping machine for heavyweight impact noise generation, and rubber ball for lightweight
noise generation (Figure 7). Four different floors were tested for each configuration. For
the sake of brevity, only average results are presented and discussed.

Tapping machine and rubber ball used to test the impact noise of CLT floors.

The measurement methods of airborne and impact sound insulation were conducted
in accordance with international standards ISO 16283 part 1 (airborne noise) [31] and part
2 (impact noise) [32]. In particular, part 2 of the standard has recently introduced the
use of the rubber ball also at an international level, associating it to subjective perception
evaluation. The indices are calculated in accordance with the procedures indicated in the
ISO 717 standards part 1 (airborne noise) and part 2 (impact noise).

The used tapping machine features the following characteristics:

a.  five hammers placed in a line. The distance between centerlines of hammers is
(100 £ 3) mm;

b.  the distance between the center of the supports of the tapping machine and the

centerlines of neighboring hammers is at least 100 mm;

height of fall of the hammers is 40 £ 2 mm;

d.  the mass of each hammer is 500 + 12 g from which it follows that the velocity at
impact should be 0.886 + 0.022 m/s. The tolerance limits of the velocity may be
increased to a maximum of £0.033 m/s if it is ensured that the hammer mass lies
within accordingly reduced limits of 500 & 6 g;

e}

e. the falling direction of the hammers is perpendicular to the test surface to within 4-0.5°.

f. the part of the hammer carrying the impact surface is cylindrical with a diameter of
30 £ 0.2 mm;

g.  the impact surface shall be of hardened steel and is spherical with a curvature radius
of 500 + 100 mm;

h.  the mean time between impacts is 100 4= 5 ms. The time between successive impacts
is 100 & 20 ms;

i the time between impact and lift of the hammer is less than 80 ms;

j- the weight of the tapping machine is less than 25 kg.

The rubber ball generates the impact force exposure level Lgg in each octave band
shown in Table 2, when it is dropped vertically in a free fall from the height of 100 cm £ 1 cm,
measured from the bottom of the rubber ball to the surface of the floor under test. The used
rubber ball features the following characteristics:

(a) hollow ball of 180 mm in diameter with 30 mm thickness;

(b) effective mass of (2.5 £ 0.1) kg;

(c) coefficient of restitution of 0.8 + 0.1.
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The impact force exposure level, Lgg, is expressed by Equation (1):

1 [t F(t
Lpg = 101g{T ; /t F(z)dt} (dB) )
ref /b 0

where F(t) is the instantaneous force acted on the floor under test when the rubber ball is
dropped on the floor [N], Fy = 1 N is the reference force, t; — t; is the time range of the
impact force [s], and Tyef = 1 s is the reference time interval. In Table 2, the standard rubber
ball force is depicted.

Table 2. Impact force exposure level octave band of the rubber ball [32].

Octave Band Centre Frequency Impact Force Exposure Level, Lgg
[Hz] (dBre1N)
31.5 39.0 £ 1.0
63 31.0+15
125 23.0+15
250 170+ 2.0
500 125 +2.0

The dodecahedral source features 12 speaker units. All speaker units in the same
cabinet radiate in phase. The directivity of loudspeakers is approximately uniform and
omnidirectional.

2.3. Acoustic Parameters

The apparent sound reduction index R’ is calculated in accordance with Equation (2):
' S
R'=1; -1, +10log A (dB) ()

L, is the energy-average sound pressure level in the source room (dB);

L, is the energy-average sound pressure level in the receiving room (dB);

S is area of the common partition [m?2];

A is the equivalent absorption area in the receiving room [m?];

The normalized impact sound pressure level generated by standard tapping machine
is calculated using Equation (3):

L'n=Li+ 101gA§0 (dB) 3)

where Ag = 10 m? is the reference equivalent absorption area.

The maximum impact sound pressure level measured with rubber ball L'; may is the
maximum sound pressure level, tested using the “fast” time constant.

From the values measured in 1/3 octave bands it is possible to derive the evaluation
indices R'y, L'nw, and L'j pmax according to ISO 717 part 1 and 2 standard. R’y and L'y w
are evaluated in the frequency range 100-3150 Hz, while L';z Fmax is the A-weighted sound
pressure level evaluated both in the frequency range 50-630 Hz and 20-2500 Hz. This last
extended range was performed in order to consider low frequency comfort according to
Spah et al. [20].

2.4. Acoustic Models

In order to verify if available traditional models are suitable for acoustic performance
predictions of Cross Laminated Timber floors, in the following, for the four presented
configurations, analytical equations retrieved from literature and standard are presented.
It has to be highlighted here that, at present, for the impact rubber ball, no analytical model
is available for the noise prediction in the receiving room.
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For the bare floor, the traditional model is the ISO 12354-2 [32]. In this view, analytic
expression is reported in Equation (4):

L, =155 — | (30logm'qoor) + (1010g Ts) + (10log o) + (10 log fi)} (dB) (4

ref

where m’g,, is the mass per square meter [kg/ m?] of the bare floor, Ts is the structural
reverberation time, o is the radiation efficiency, f is the excitation frequency, and f, is the
reference frequency at 1000 Hz.

The structural reverberation time is calculated according to Equation (5):

2.2
T —

s ﬁ [S] (5)

where 1 is the overall damping.
The radiation efficiency is calculated according to Equation (6), using the Waterhouse
correction [33]:
4poco

o=+~ 6)

pocoSTv?

2
oA 1+ 5R0)

where pgcg is the air impedance, A is the absorption area retrieved from the reverberation
time [m?2], St is the floor area [m?], V is the volume of the receiving room [V], and v is the
vibration velocity [m/s].

For the floating floor, the Cremer’s equation is available [34], according to Equation (7):

f
AL;x,w,ﬂoa'cing,Cremer =30 log g (dB) (7)

where fj is the resonance frequency [Hz] of the floating floor composed by the resilient
layer and the screed and expressed by Equation (8):

1 s/

0= 52 7
27\ msereed

[Hz] ®)

where s’ is the dynamic stiffness of resilient layer [MN/m?] and m/geeq is the mass per
square meter [kg/ m?] of the screed.

Finally, some models are present for sound insulation prediction of lightweight parti-
tions. Anyway, most of them are related only to the weighted index and do not provide a
frequency trend. The only available approach could be the Sharp’s one [35,36], providing a
frequency domain formulation, reported in Equation (9):

R =20log (m';)artition f) —472(dB) ©)
where m’ partition 1 the mass per square meter [kg/ m?] of the wall or floor.

3. Results and Discussion
3.1. Impact Noise-Tapping Machine

The impact sound pressure level results in 1/3 octave bands for bare CLT floors are
shown in Figure 8.

Interestingly, the impact sound pressure levels of the weighted index measured using
the tapping machine as the generator provide very similar results for all the different
horizontal partitions. This is very important since it demonstrates that all the further
studies and noise reduction actions will have very similar influence on all bare floors. The
retrieved differences depend on floor dimensions, receiving room shapes and volumes [37].
Accordingly, in the low frequency range, some differences are evidenced. In the middle
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frequencies (1000-2000 Hz), they tend to offer very similar results, while at higher ranges,
again, some diversities are present.

Measured impact noise levels of bare cross laminated timber floors
100

—1a-L'n,w=85 (-2)

-==1b-L'n,w=82 (-2)

——1c-L'n,w=83 (-4)

L', [dB]

-==1d-L'n,w=83 (-4)

40
——average-L'n,w=83 (-2)
30
o v o o o 0 o o o o o o o o o o o o
o N o o wn -~ o o (3] o o i¥el o o o wn o o
~— ~ -~ N N ™ < w0 © =) o N © o n — o o
~— ~ N N o < w

Frequency [Hz]

Figure 8. In situ measurements of normalized impact sound pressure level (tapping machine) for
four bare CLT floors (configuration 1).

In Table 3, the 1/3 octave band average trend and the standard deviation are reported.
It is evident how for most 1/3 octave frequency bands, the standard deviation falls within
the &3 dB range. This permit to consider the average data reliable and thus a reference.

Table 3. Average trend and standard deviation of averaged impact sound pressure levels (tapping

machine).
Frequency [Hz] IMPACT Noise Average (dB) Standard Deviation (dB)
100 83.7 32
125 80.4 3.7
160 84.1 3.0
200 84.6 29
250 85.7 2.6
315 86.2 2.5
400 85.6 2.5
500 85.8 2.3
630 86.2 21
800 85.4 1.8
1000 83.6 1.7
1250 82.6 1.7
1600 78.2 1.6
2000 72.7 1.7
2500 68.1 1.9
3150 65.5 3.3
4000 64.0 42
5000 59.9 44

When using Equation (4), the predicted trend is not similar to the measured one, as
depicted in Figure 9.

124



Appl. Sci. 2021, 11, 5938

L'n measured vs. calculated
100.0

% N — = L'n measured
< 700 <
3 S
S~
N ——L'n calculated
60.0 ~
50.0
40.0
o W O O O W O 9 9 9 9 9O 9 9 9 9o 9o 9
o N © O 1 - O O M 9O O W 9o 9o 9 n 9o o
- - - N N ™ < 0 © © O N © O v «- O O
- - - N N o <
Frequency [Hz]

Figure 9. Measured vs. predicted impact noise.

It is possible to highlight that for middle-low frequencies, the model more or less
fits the measured values. In Table 4, the difference between measured (average) and
calculated values are reported. It could be noticed that low and middle frequencies
(125-800 Hz) present very good agreement. Accordingly, the prediction falls within a range
of 3 dB. In contrast, from 1000 Hz on, the model is not able to correctly fit middle-high
and high frequencies, mostly because the measurement of the structural reverberation time
is measured using hard-surface sources (hammer). When the head of the hammer impinges
the wood, it tends to present a resilient behavior (compared to concrete) on middle and
high frequencies. For this reason, the measurement could not accurately determine this
parameter, thus affecting acoustic performance predictions.

Table 4. Average trend and difference between measured and calculated values (A).

Frequency [Hz] Impact Noise Average (dB) A (dB)
100 83.7 4.6
125 80.4 -0.3
160 84.1 27
200 84.6 0.7
250 85.7 1.9
315 86.2 1.1
400 85.6 0.2
500 85.8 —0.5
630 86.2 —0.9
800 85.4 -25
1000 83.6 —4.5
1250 82.6 —6.2
1600 78.2 —11.4

2000 727 —17.4
2500 68.1 —222
3150 65.5 —22.8
4000 64.0 —23.2
5000 59.9 —26.5

When considering a suspended ceiling addition, no analytical model is present in
literature or in standards.

In Figure 10, the results are reported when the exciting source is the tapping machine.
It can be seen how different configurations can act on the impact noise reduction when
compared to the average impact noise of the bare CLT floor (configuration 1). Accordingly,
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when at the bare floor a suspended ceiling is added (configuration 2), a significant noise
reduction both in frequency and weighted index is verified. In particular, this reduction
follows the trend of the average bare floor almost constantly.

Measured Impact sound pressure levels of different CLT floors
configuration - Tapping machine
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Figure 10. Impact sound pressure level for CLT floors (configurations 1, 2, 3, and 4). Source:
tapping machine.

When considering the range of 250-3150 Hz, we can also easily derive a regressive
equation (Equation (10)):

AL;,w/ceﬂing = —0.028 (f) +23.8 (dB) (10)
where f is the frequency [Hz].

The results could be fitted, with a regression coefficient of R? =(0.89. By means of this
equation, it could be possible to estimate the effect of this kind of suspended ceiling on a
generic CLT floor of 20 cm thickness.

Moving onto configuration 3 (only floating floor and bare CLT floor), it could be
acknowledged that a similar reduction is proposed, compared to configuration 2. Here,
low frequencies (100-200 Hz) are reduced more efficiently, as well as high frequencies
(1600-4000 Hz). However, this technology could not work properly, because its perfor-
mance requires a heavy mass as bare floor. In this case, a cross laminated plate could not
represent this element, because of its lightweight structure.

When applying Equation (7) to configuration 3, a different resulting trend is produced.
In Figure 11, the frequency tendencies of the two impact noise reductions are depicted.
Clearly, Cremer’s model cannot be applied to this kind of wooden partitions, since it fails
by a large amount.

The main reason is that Cremer’s model considers the bare floor as completely rigid,
featuring an ideally infinite mass in comparison to the floating floor. In the case of CLT
floors, this does not happen. Accordingly, the density of a CLT floor is 90 kg/m?, very
similar to the floating floor. It is evident that the bare timber floor cannot be considered
neither more rigid nor more massive than the floating floor, thus significantly affecting the
application of Cremer’s model.
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Figure 11. Comparison between Cremer’s and measured ALy, , for configuration 3.

When investigating the frequency influence on the measured noise reduction index
reported in Figure 11, in the range 250-3150 Hz, a relation can be found, as expressed
in Equation (11), with a regression coefficient of R? = 0.70. However, a poor influence of
frequency on impact noise reduction is highlighted:

ALil,w,ﬂoatini_g,CLT model — —0.012f+22.9 (dB) (11)

when combining the two technologies in the bare floor (configuration 4), a significant
reduction is verified, in comparison to configuration 1 (bare CLT floor) and to both
configuration 2 and 3. Anyway, when combining Equations (10) and (11), the obtained
result is not reliable (Figure 12).

Overall AL'n measured vs. calculated
60

50

=30 '~ — - -measured

—eq 10 +eq (11)
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Figure 12. Measured vs. calculated AL;W,.
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The retrieved equation from measured values is reported below, with a regression
coefficient of R? = 0.81 (Equation (12)).
AL

n,w,overall —

—1.9 f+40.1 (dB) (12)

Here, we can see that frequency affects more significantly impact sound reduction,
in comparison to configuration 2 and 3. It is thus evident that we have to avoid the
combination of the two equations related to single actions, as the merging would lead to a
significant underestimation of the final results.

3.2. Impact Noise—Rubber Ball

When using the impact ball as noise source, we have to consider that the excitation is
different from the traditional tapping machine. As reported above, this methodology injects
into the structures an impulse which is poor of middle-high frequencies (800-5000 Hz) and
focuses its action in the range 100-630 Hz. The results of the standardized maximum impact
sound pressure relate to bare and lined CLT floors are shown in Figure 13. As demonstrated
above, bare CLT floors mostly present the same frequency trends when excited. Therefore,
for the sake of brevity, only average bare floor trends are presented hereafter.

Measured Impact sound pressure levels of different CLT floors
configuration - rubber ball

120

——configuration 1 -
L'iA,Fmax=80 dB(A)

— = configuration 2 -
L'iA,Fmax=55 dB(A)

L'ifmax  [dB]

— = configuration 3 -
L'iA,Fmax=59 dB(A)

—configuration 4 -

0 L'iA, Fmax=29 dB(A)
O LW O O MO O WO O OoOWwWOo OO0 0000000 OO
NN - 1 © O N © 0w - O O O O WO oo Wwo o
o T T AN ANO TN O 0O NO©OW~—- OO
- - NN OIS W

Frequency [Hz]

Figure 13. Impact sound pressure level for CLT floors (configurations 1, 2, 3, and 4). Source:
rubber ball.

From Figure 13, it is evident that configuration 2 acts efficiently in noise reduction
especially at low (20-100 Hz) and high frequencies (1600-5000 Hz). The presence of the
fibrous material within the ceiling air gap could influence the impact noise propagation.
However, when the resonance frequency is overcome (over 80 Hz), its efficiency signifi-
cantly decreases. Since the measured trend is composed by three different zones, showing
three different behaviors, it is not worthy to infer a regressive equation.

When only floating floor is considered (configuration 3), it is evident how the pro-
vided noise reduction is significantly lower. This is mainly due to the fact that the floating
floor works at a different frequency range. It was previously demonstrated [38] that
this technology reduces significantly the transmission on middle-high frequency ranges
(1000-5000 Hz). When using the rubber ball, this range is not injected in the floor, as re-
ported in Table 2. For this reason, a smaller reduction is found, compared to configuration 2.
In this case, the trend presents a homogeneous behavior and therefore a regressive ap-
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proach may be used. The result is presented in Equation (13), with a regression coefficient
of R? =0.97:

I
AI“iA/Fmax/t’loating

= 35.11og(f) — 49.5 (dB) (13)

It is interesting to note that, in comparison to tapping machine excitation, the equation
is not linear anymore, but it follows a logarithmic trend, based on the exciting frequency.

When considering suspended ceiling and floating floor together (configuration 4), a
significant overall reduction is verified. Accordingly, in some frequencies, the background
noise could have influenced the results, since they are comparable to it.

In this case too, the trend presents a homogeneous behavior and therefore a regressive
approach can be used. The result is presented in Equation (14), with a regression coefficient
of R? = 0.74.

AL

1A, Fmaxfloating

= 10log(f) — 38.1 (dB) (14)

In this case, the frequency contribution is less significant than the configuration 3
represented by Equation (13) and a logarithmic trend is evidenced.

3.3. Airborne Sound Insulation

The investigation of the sound insulation to airborne noise is useful in order to
understand if the actions of the floating floor and of the suspended ceiling, applied for
impact noise reduction, can influence also soundwaves propagation in air. For this reason,
in Figure 14, the measured trends are reported.

Measured airborne sound insulation of different CLT floors configurations
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Figure 14. Airborne sound insulation for CLT floors (configurations 1, 2, 3, and 4).

It is evident how the bare floor provides very poor frequency performances, while the
addition of a suspended ceiling (configuration 2) positively affects sound insulation. In
this case, also floating floor (configuration 3) positively affects sound insulation, showing a
very similar trend compared to configuration 2. When combining the two solutions, some
significant improvements can be seen at middle-low frequencies, until 1600 Hz.

In Table 5, the results of the calculated frequency sound insulation are reported.
In addition, the difference A, between the measured and the calculated values (using
Equation (9) are included after each configuration. It is interesting to notice that config-
uration 1 (bare floor) is not fitted robustly. Accordingly, differences up to —19.8 dB are
verified, with a mean value of —13.9 dB. When considering the suspended ceiling addition
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(configuration 2), we can verify a significant improvement of the sound insulation predic-
tion. A maximum of 9.8 dB difference is provided, featuring a mean value of —1.6 dB. It is
worthy to highlight that from 100 to 2000 Hz, the prediction falls within a range of 4- 3 dB,
with the exception of 315 Hz (3.7 dB) and 400 Hz (3.5 dB). This fact demonstrates how low,
middle, and middle-high frequencies can be successfully calculated using Sharp’s theory.

Table 5. Calculated sound insulation values, using Sharp’s theory. A, represents the difference
between the measured and calculated results.

Configuration and Difference (dB)

Frequency [Hz] 1 M 2 Ay 3 A3 4 Ay
100 31.9 —4.3 33.2 -12 38.4 -72 38.8 -3.0
125 33.8 —6.6 35.2 1.2 40.3 —-22 40.8 4.1
160 36.0 —6.8 37.3 —-1.1 425 2.3 429 32
200 37.9 —11.4 39.2 0.5 444 —4.3 44.8 2.8
250 39.8 —13.0 41.2 2.8 46.3 -22 46.8 2.5
315 419 —14.6 43.2 3.7 48.3 -1.6 48.8 0.6
400 439 —16.5 453 35 50.4 -23 50.9 -0.5
500 459 —15.3 47.2 1.7 52.4 —4.6 52.8 —24
630 479 —147 492 0.0 54.4 —5.8 54.8 —4.8
800 49.9 —16.4 51.3 2.2 56.4 —6.9 56.9 —5.8
1000 51.9 —16.5 53.2 21 58.4 —8.2 58.8 —6.8
1250 53.8 —14.3 55.2 0.0 60.3 —-9.2 60.8 —8.0
1600 56.0 —14.0 57.3 —3.8 62.5 —8.8 62.9 -9.5
2000 57.9 —-13.7  59.2 -3.0 64.4 —8.2 64.8 —9.6
2500 59.8 —15.2 61.2 —6.5 66.3 -10.3 66.8 —11.1
3150 61.9 -17.9 63.2 —-8.1 68.3 -10.3 68.8 —125

4000 63.9 —189 65.3 —84 70.4 —11.4 70.9 —13.8
5000 65.9 —19.8 67.2 -9.8 72.4 —12.4 72.8 —15.0

When considering only floating floor addition to the bare floor (configuration 3), the
prediction is not to be considered robust and reliable. Differences are significant (up to
—12.4 dB) with a mean value of —6.3 dB. A different trend is verified for the complete
layering (configuration 4). For low frequencies (100 Hz-500 Hz), a good prediction is
provided, falling within the + 3 dB range, with the exception of 125 Hz (4.2 dB) and
160 Hz (3.2 dB). From 630 Hz, a constant increase in the difference is verified, reaching its
maximum at 5000 Hz (—15.0 dB) and a mean value of —5 dB.

As an overall result, we can say that the Sharp’s model provides a reliable prediction
only for configuration 2 up to middle frequencies, while for the other configurations, no
consistent trends are found. For all configurations, the Sharp’s model tends to overestimate
the sound insulation and the worst range is represented by high frequencies (>1600 Hz).

3.4. Weighted Indexes Results

Even if weighted indexes do not provide frequency information, thus eliminating
some of the interesting results, it is evident how it is easier to compare measurements
using just the single index instead of 18 different values (1/3 octave bands). For this reason,
results in terms of weighted index are reported in Table 6.

It is possible to notice that, for impact noise reduction using the tapping machine, the
significant variation is caused by the use of whether a suspend ceiling or a floating floor
is similar. Anyway, when applying the second configuration, it is possible to notice that
the reduction is different if measured with the rubber ball or with the tapping machine.
According to the standard, L'iz pmax50-630 is the parameter representing the subjective
evaluation of the noise disturbance produced by floor impact sound. Conversely, according
to literature [20], L';A Fmax,20-2500 is more accurate. In this case, we can see no significant
difference comparing the two parameters.
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Table 6. Impact noise and airborne sound insulation weighted index results for each configuration.

Configuration L'nw (dB) L'iA Fmax50-630 (dB)  L'iA Fmax.20-2500 (dB) R’ (dB)
1 83 80 80 35
2 65 55 56 52
AV 18 25 24 17
3 62 59 60 51
A3 21 21 20 16
4 52 29 31 53
Ny 31 51 49 18

Considering configuration 3, we can see that almost the same impact reduction is
measured with both tapping machine and rubber ball and that no significant difference is
found between LA Fmax,50-630 and L';A Fmax,20-2500-

Moving to configuration 4, a significant difference can be reported between tapping
machine and rubber ball test, evidencing how, for the latter, a significant improvement in
performance is assessed in comparison with the bare floor.

From the sound insulation point of view, when adding a technology of impact noise
reduction, we can see a substantial increment of the performances. Anyway, (i) changing
the configurations or (ii) merging them do not vary importantly final results.

Another overall finding is that configuration 3 (floating floor) and 4, where the combi-
nation of the two technologies ensures a more insulated partition, are capable to respect
the law requirements of most European countries [39].

4. Conclusions

In this work, airborne and impact noise insulation measurements were carried out
on a building featuring Cross Laminated Timber floors. In particular, the apparent sound
reduction index and the impact sound pressure level measured with a normalized generator
and rubber ball impulses were measured step-by-step during the construction phase. In
particular, the application of floating floor, suspended ceiling, and the merging of these
two technologies applied to the bare Cross Laminated Timber floor was investigated.

Findings highlighted how this lightweight sustainable timber structures do not present
the same performances of heavyweight ones. We can then resume our main conclusions
as follows:

- the bare Cross Laminated Timber floors present similar acoustic performances, thus
an average trend can be considered;

- the impact noise reduction offered by suspended ceiling or floating floor excited by a
tapping machine is very similar. Regression equations demonstrate that frequencies do
not play a significant role; the same consideration is possible even when considering
both these techniques at the same time.

- the Cremer’s equation does not work with this structure. In particular, for middle-low
frequency, Cremer’s law fails by a large amount.

- when excited by a rubber ball, a suspended ceiling acts better than the floating floor,
especially at low frequencies. The floating floor presents a linear-decreasing trend,
which anyway is not able to reduce efficiently the impulse injected by the rubber ball;

- in the case of airborne sound insulation, both floating floor and suspended ceiling
offer similar improvements. When merging the two technologies, no significant
performance increasing is assessed. In this case, no analytical model was found to
correctly predict the final results.
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Abstract: A perforated plate with stepwise apertures (PPSA) is proposed to improve sound absorp-
tion for low frequencies. In contrast with an ordinary perforated plate with insufficient acoustic
resistance and small acoustic mass, the perforated plate with stepped holes could match the acoustic
resistance of air characteristic impedance and also moderately increase acoustic mass especially at
low frequencies. Prototypes made by 3D printing technology are tested in an impedance tube. The
measured results agree well with that of prediction through theoretical and numerical models. In
addition, an absorber array of perforated plates with stepwise apertures is presented to extend the
sound absorption bandwidth due to the introduced multiple local resonances.

Keywords: perforated plate; stepwise apertures; sound absorption; low frequency

1. Introduction

Porous materials and resonant structures are widely used for sound absorption [1,2].
Typical resonant structures for sound absorption are perforated plates, micro-perforated
plates, Helmholtz resonators and thin plate resonators. One of the conditions for effective
sound absorption in resonant structures is that their acoustic resistance should match the
characteristic impedance of the air. Usually, the acoustic resistances of an ordinary perfo-
rated plate with apertures in the range of a few millimeters to centimeters are insufficient
and therefore the absorption coefficients are very small. In building acoustics, perforated
plates with large perforation ratio are often used as protective plates over porous layers
for sound absorption [3-5]. To replace porous materials, Maa proposed a well-known
micro-perforated plate (MPP) for sound absorption in the 1970s [6]. For MPP, the apertures
are reduced to submillimeter and thus sufficient acoustic resistances can be provided when
the perforation ratio is specified. Additionally, in contrast with Helmholtz resonators,
when the frequency is away from the resonance frequency, the acoustical reactance of MPP
increases slowly to ensure the value is smaller than that of the acoustical resistance in a
wide bandwidth, and this characteristic guarantees the broadband absorption of MPP.

When the perforation ratio is constant, MPP with smaller aperture has better sound
absorption performance, while in the meantime, the number of holes is increased and the
thickness shall be thinner [7]. The increase of hole numbers will increase the cost for the
perforation and thinner plates may result in insufficient strength in application. In contrast,
a thick MPP with small apertures will lead to excessive acoustic resistance and a decrease
in sound absorption performance. To reduce the acoustic resistance of a thick MPP, MPP
with variable section have been proposed in recent years [8-11]. Randeberg [8] proposed a
micro-horn shaped MPP and the numerical results showed that micro-horn perforation has
the potential to improve the sound absorption bandwidth. Sakagami et al. [9] conducted a
pilot study to improve the absorption of a 10 mm thick MPP using a tapered perforation,
and the measured results exhibited the shift of the resonant frequency to lower frequencies,
but the absorption peak decreases. Lu et al. [10] studied the acoustic properties of MPP
with variable cross-section, and showed that the absorption performance of such MPP
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mainly depends on the part of small holes, and the part of large holes is only to increase the
plate thickness. He et al. [11] experimentally analyzed the effects of tapered and stepped
holes on the sound absorption performance of thick MPP, and the results showed that
large tapered holes can broaden the absorption bandwidth in the higher frequency domain.
Based on the MPP model, Ma [12] performed an equivalent simulation of the experimental
results for a tapered MPP, and the equivalent aperture obtained is between the large part
and the small part of the tapered hole. Qian et al. [13] developed a numerical model of MPP
with a tapered hole in the acoustic module of COMSOL Multiphysics, and the simulation
results showed that the absorption performance of MPP with tapered holes was mainly
influenced by the inlet diameter and outlet diameter. In addition, Jiang et al. [14] gave an
empirical impedance correction model related to the cross-sectional ratio based on 176 sets
of numerical simulations. These aforementioned literatures concern with reducing the
excess acoustic resistance of large-thick MPPs by replacing straight-through holes with
sub-millimeter variable cross-section holes.

In comparison with MPP, perforated plates with large apertures have the advantage
of less perforation holes if the acoustic resistance can be improved sufficiently through
some ways. Recently, various perforated structures for low to medium sound absorption,
such as perforated panel with extended tubes (PPET) [15], composite honeycomb sandwich
panels (CHSPs) [16], perforated composite Helmholtz-resonator (PCHR) [17], coiled space
resonators (CSRs) [18], parallel-arranged perforated panel absorbers (PPAs) [19], panel
containing coiled Helmholtz resonators [20] and inhomogeneous multi-layer Helmholtz
resonators with extended necks (HRENSs) [21], have been investigated. However, perforated
plates with stepwise apertures for low frequency sound absorption have not been reported.
For this motivation, a perforated plate with stepwise apertures (PPSA) larger than 1.5 mm
is proposed for low-frequency (100-300 Hz) sound absorption in a compact space.

Additionally, the array structures consisting of multiple sub-absorbers in parallel
arrangement have been studied to improve the sound absorption. Cha et al. [22] designed
a MPP absorber array with two different cavities and gave the measured normal absorp-
tion coefficients by impedance tube. Wang et al. [23] established a numerical model to
study the sound absorption mechanism of a MPP absorbers array with different cavity
depths in detail. Uenishi et al. [24,25] studied a permeable membranes absorber array
(PMAR) numerically and experimentally, and the results showed that PMAR is an effective
absorbing structure due to the influence of multiple locally reacting air cavities at different
depths. Furthermore, Wu et al. [26] proposed a profiled structure using perforated plates
in some wells, thus adjusting the depths of the wells to improve low frequency absorption.
In this paper, based on the local resonance effect, without changing the structure parame-
ters, a simple PPSA absorbers array is initially designed to extend the sound absorption
bandwidth only by inserting one rigid partition plate in the air cavity.

This paper is organized as follows. In Section 2, theoretical and numerical models are
developed to predict the absorption coefficients of PPSA sound absorbers, and the predic-
tions are verified by impedance tube measurements. In Section 3, the sound absorption
performances of PPSA absorber and single perforated panel (PP) absorber are compared
and discussed, and a simple array structure of two PPSA absorbers in parallel is presented
to improve low frequency sound absorption. Finally, conclusions are drawn in Section 4.

2. Models and Methods
2.1. Theoretical Calculation

Figure 1a shows the structure of a PPSA absorber, which consists of a PPSA and an
air cavity supported by a rigid wall. The PPSA is perforated with a series of stepped
holes, which are composed of two unequal circular apertures in the coaxial line. For each
circular aperture, the ratio of diameter to depth is greater than 1 and the diameter is not
less than 1.5 mm. The diameter, thickness and perforation ratio of the small aperture are dy,
t, 1, those of the large aperture are d, f5, 07, respectively, and the air cavity depth is D.
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Structurally, PPSA can be viewed as a serial combination of two perforated panels PP1 and
PP2 without spacing.

pipk
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Figure 1. A perforated plate with stepwise apertures (PPSA) absorber. (a) Structure diagram; (b) One-
dimensional acoustical system.

Based on the transfer matrix method [27], for the one-dimensional acoustical system
element of PPSA absorber, as shown in Figure 1b, the sound pressure p; and particle
velocity u; on the left side and the sound pressure p3 and particle velocity u3 on the right

side can be expressed as:
uq T 21 T 22 us ’

where T1y, T1p, T21 and T»; are the four pole parameters of the total transfer matrix [T].
The total transfer matrix [T] is obtained by multiplying the unit transfer matrix of PP1, PP2
and air cavity, written as:

[T] = [Tep1][Tep2] [Tairl, @

For PP1 and PP2, the transfer matrix [T),] can be given as:

1 Zpip } @)

[Tpp1,2] = [ 0 1

The acoustic energy loss of the perforated panel mainly includes the air viscous
dissipation inside the hole and the end correction caused by viscous friction and sound
radiation. Therefore, the acoustic impedance of perforated panel is the sum of the acoustic
impedance inside the hole and the end correction outside the hole. According to the viscous
motion theory in the tube derived by Rayleigh and simplified by Crandall [28], the acoustic
impedance in the circular hole is expressed as:

2 k]

ole = jwpot |1 — : 2 4
e SR e ) ¥
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According to Ingard and Rayleigh theory [29], the corrections of acoustic resistance
and reactance at both ends of the hole are /2wpp7 /2 and 0.85d, respectively. Due to the
continuity of the surfaces of PP1 and PP2, the corrections of acoustic impedance at one end
is considered. Thus, the acoustic impedance of PP1 and PP2 is written as:

For the air cavity, the transfer matrix [T 4;,] can be written as:

-1
1. 2 Ji(kip/—)) . /2wpol]
Z = — t 1-— : +jw0.425d1p + — |,
r2 =g | e 1,2( Ko/ Jolkran/—)) jw 12 1 ©®)
1 cos(koD) jpoco sin(koD)
4= | jsmaDyues " oniad) . ) ©)

where w = 27f is the angular frequency, 7 is the dynamic viscosity coefficient of the air,
k = d,/wpon /2 is the ratio of the inner radius to the viscous boundary layer thickness
inside the tube, for square arrangement, perforation ratio o = 0.78542 /b2, d and b are the
diameter of holes and the spacing between holes, ] and J; are the Bessel functions of the
zero order and the first order, respectively. py is the air density, ¢ is the sound speed in the
air, kg = w/cy is the air wave number.

Since the air cavity is supported by a rigid wall, the particle velocity on the rigid wall
is uz = 0. Therefore, it can be obtained from Equation (1):

p1 = Tups, w1 = Taps, (7)

Then, the surface impedance of the PPSA absorber at normal incidence is expressed

as: T
P1 11
7 === (8)
up T,
Therefore, the surface reflection coefficient of the PPSA absorber is given by:
7 _
_Zopma o)
=+ Poco
Thus, the absorption coefficient of the PPSA absorber for normal incident wave is
written as:

4Re(Z/p0c0)
[1+ Re(Z/poco))* + [Im(Z/poco)]?

a=1—|R]? = (10)

2.2. FEM Simulation

In the thermo-viscous and pressure acoustics frequency domain interface of COMSOL
Multi-physics, 3D finite element models are performed to simulate the acoustic behavior
of the PPSA absorber under normal incidence. Considering viscosity and thermal loss,
the acoustic field of single PPSA is built up in the thermo-viscous-acoustics, frequency
domain interface, as shown in Figure 2a. Due to the stepped hole is a symmetric structure,
to reduce the simulation time, 1/4 unit of the stepped hole is constructed. This numerical
element model is composed of a stepped hole domain, two air domains and two perfectly
matched layers (PML) at the ends. Moreover, the background pressure field is defined
in an air domain, and PML acts as an infinite air field. The domains marked by the
yellow and red line are the inlet and outlet surfaces of acoustic wave, respectively. In the
simulation, the maximum frequency is chosen as 1000 Hz, the calculated frequency range is
100-500 Hz and the frequency interval is 5 Hz. For the stepped hole domain, the maximum
element size of free tetrahedral meshes is set as the viscous boundary layer thickness size,
and for the background sound field and air domain, the maximum element size of free
tetrahedral meshes are equal to 1/3 of the small hole radius. In addition, the distribution
of mesh elements for PML is at least six layer using the swept node. The mechanical and
thermal boundary conditions for the sidewalls of the steppe hole are no slip and isothermal,
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respectively. For a stepped hole with d; = 1.5 mm, d, = 4 mm, t = 2 mm and hole spacing
of 5 mm, the 3D finite model is meshed with a total of 72,269 tetrahedral meshes and the
maximum element for the stepped hole domain is 0.07 mm.

The transfer impedance Zy ;s of the PPSA is defined as [6]:

Ap

= (11)

Zirans =
where Ap is the pressure drop between the inlet and outlet surfaces, and 7 is the mean
velocity in the stepped hole. Then, define the numerical value of Z;,4s as a global variable
using derived values.

PML
Background
pressure field

_—PML

Background
o pressure field

.

Stepped hole
Air domain —Interior Impedance
— PML N 5 )
¢ . Air domain
R
(a) (b)

Figure 2. Finite element simulation. (a) Thermos-viscous model of PPSA; (b) Pressure acoustic model
of PPSA absorber.

After that, a finite element model of the PPSA absorber is established in the pressure
acoustics frequency domain interface. The upper PML acts as an infinite air domain, the
sound incident is placed in background pressure field and the air cavity behind the PPSA
is set as air domain, as shown in Figure 2b. The values of the transfer impedance Zj;;s are
then imported using the Interpolation function command in the Definitions toolbar, thus
the acoustic impedance of the PPSA can be defined by the built-in impedance. Thus, the
sound pressure reflection coefficient R is expressed as:

Psc
R Pin (12)
where psc and p;, are the scattered and incident sound pressure, respectively. Finally, the
sound absorption coefficient of the PPSA absorber can be obtained from Equation (10).
Figure 3 plots the theoretical and simulated sound absorption of PPSA absorbers with
different perforation ratio and cavity depth. The parameters for three PPSA absorbers
are listed in Table 1, for PPSA1 and PPSA2 absorbers, the theoretical sound absorption
coefficient curves are the same as that of the numerical simulation. In addition, for PPSA3
there is an offset of about 2 Hz between the theoretical and the numerical resonances.
In addition, in Figure 3b, there exists a difference between the theoretical and simulated
acoustic resistance at frequencies far from resonance, which may be further modified by
model mesh refinement and considering the thermal effects of air in the calculations, but its
acoustic reactance is almost identical. Overall, the finite element simulation is in agreement
with the theoretical calculation.
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Figure 3. The theoretical and simulated results for PPSA absorbers. (a) Sound absorption coefficients;

(b) Specific acoustic impedance.

Table 1. Parameters for three PPSA absorbers in the theoretical and simulated comparison.

Parameters PPSA1 PPSA2 PPSA3
d(dq/dp) (mm) 1.5/4 1.5/4 1.5/4
H(t1/t) (mm) 1/1 1/1 1/1
o(o1/02) (%) 0.27/1.92 0.23/1.60 0.18/1.28
D (mm) 25 50 100

2.3. Experiment Measurements

To further verify the feasibility of the theoretical and numerical models, the sound
absorption coefficients of PPSA absorber at normal incidence are measured by SW422
impedance tube with diameter of 100 mm, as shown in Figure 4a, and PPSA samples are
made of resin materials by 3D printing using SLA (light curing molding) equipment. The
outer diameter of the specimen is about 99 mm, so the sample is placed in the specimen
tube with sealing strips or tape to ensure the tightness.

The sound absorption measurement in impedance tube follows the two-microphone
transfer function method [30], and the principle is described below. The sound pressure p;
and p, of two microphones located at position 1 and position 2 are expressed as:

p1= Plejkoxl + PRe*fkox1,p2 = PlejkoXZ + pRe*jkoxz (13)
The transfer function of the incident wave and the reflected wave are written as:

Hy = P21 _ —jko(xi—x) e~Jkos Hp = P2R _ jko(x1—x2) _ ,jkos (14)
P11 P1Rr

According to Equation (13), the transfer function of the total sound field is denoted as:

jkoxa —jkoxz
po 024 re
Hp="—=—————7— (15)
p1 elkoX1 4 re—JkoX1

Substituting Equation (14) into Equation (15), the reflection coefficient is expressed as:

Hip — Hyp iogox
r= el~fon (16)
Hr — Hip

where x; and x; are the distances between microphone position 1 or position 2 and the
front surface of the test sample, respectively, and s is the distance between two microphone
position 1 and position 2. Once the reflection coefficient is determined, the sound absorption
coefficient of the test sample can be calculated.
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The sound absorption coefficients of a PPSA absorber in the frequency range of
100-300 Hz from theoretical, numerical and experimental results are plotted in Figure 4b.
The parameters of the PPSA are d; =1.5 mm, d; =3 mm, #; =1 mm, f, =1 mm, p; = 0.24%,
p2 = 1.08% and the air cavity depth is D = 80 mm. The peak frequencies of three absorption
coefficient curves are almost at 190 Hz, and the peaks are 0.999, 0.999 and 0.992, and the
frequency ranges of absorption coefficients greater than 0.6 are 152244 Hz, 153-242 Hz
and 154-239 Hz, respectively. The results showed that there are tiny errors between the
measured and predicted results. These unavoidable deviations may be due to factors such
as machining accuracy and inaccurate mounting. In conclusion, the proposed theoretical
and numerical models are feasible for predicting the sound absorption of the PPSA absorber.
Meanwhile, it implies that the expected sound absorption is also relied on the accuracy of
the sample processing.
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= = = Simulated
808 === = Measured
=
Sample Mounting g
06
= 0.
ower umphl'-cvl._.[(‘mnpmcr .I BSWA MC3242 2
PASQ . =
i 2 ,Z 0.4
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a. E
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Sound source Test sample 7]
Impedance tube test system )
100 150 200 250 300
Frequency(Hz)
(a) (b)

Figure 4. Experimental setup and results. (a) Impedance tube system and test sample; (b) Absorption
coefficients of PPSA absorber from three models: theoretical, FEM and experimental.

3. Results and Discuss
3.1. Sound Absorption of PPSA and Single Perforated Panle(PP) Absorber

To explain the feasibility of the proposed PPSA structure for low frequency sound
absorption, comparisons of the sound absorption of PPSA absorber with that of single
PP absorber are given here, with a depth of 80 mm for each air cavity. Figure 5 displays
the theoretical sound absorption coefficients and acoustic impedance of PPSA and single
PP absorbers with the same perforation ratio. The relevant parameters of PPSA and PP
are listed in Table 2. In Figure 5a, the resonance peaks of PPSA, PP1 and PP2 absorber
are located at 168 Hz, 195 Hz and 219 Hz, and the bandwidth of the sound absorption
coefficient well above 0.6 are 76 Hz, 40 Hz and 110 Hz, respectively. In Figure 5b, PPSA
has a relatively matched acoustic resistance from 1 to 1.41 in the range of 100-300 Hz. In
contrast, the acoustic resistance of PP is extremely inadequate, especially the maximum
acoustic resistance of PP1 with a large aperture is below 0.5. In addition, compared to
the PP absorbers, the zero acoustic reactance of the PPSA absorber is shifted to a lower
frequency. Even though, PP2 has a relatively large absorption bandwidth, its resonant
frequency occurs at higher frequency, and a large number of perforations will increase the
manufacturing costs. Thus, PPSA is more suitable for low-frequency sound absorption.
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Figure 5. Sound absorption of PPSA and single PP absorbers with the same perforation ratio.
(a) Sound absorption coefficients; (b) Specific acoustic impedance.

Table 2. Parameters for PPSA and single PP absorbers with the same perforation ratio.

Parameters PPSA Single PP1 Single PP2
d(dy /dy) (mm) 1.5/3 3 15

t(t1 /tz) (mm) 1/1 2 2
o(o1/02) (%) 0.21/0.81 1.02 1.02

Figure 6 illustrated the theoretical sound absorption coefficients and acoustic impedance
of PPSA and single PP absorbers with the same hole spacing. The parameters of PPSA
and PP are given in Table 3. First, comparing PPSA and PP1, their resonant frequencies
are close to 153 Hz and their sound reactance curves are almost overlapping as shown in
Figure 6b. For PPSA with d; =2 mm and d, = 4 mm, its thickness is t = 2 mm, while for
PP1 with d = 4 mm, its thickness is 6.5 mm, thus the panel thickness of PPSA is about 3.25
times that of PP1. That is, for the same cavity depth and hole spacing, when PPSA and PP
absorbers are resonating at the same frequency, PP with the large hole diameter requires
a larger thickness. Meanwhile, the resonance peak of PPSA is close to 1, and that of PP1
is 0.88. The sound absorption coefficient of PPSA is greater than 0.6 from 135 Hz-196 Hz,
and that of PP1 is greater than 0.6 from 143 Hz-182 Hz. Obviously, the sound absorption
of PPSA is better than that of PP1. Furthermore, for PP2 of the thickness t = 2 mm, its
resonance occurs at a higher frequency of 226 Hz with a peak of only 0.6. This is due to its
inadequate acoustic resistance and high acoustic reactance. Therefore, the introduction of
stepped holes not only effectively increase the acoustic resistance, but also shift the zero
acoustic reactance of the PPSA absorber to lower frequencies.
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Figure 6. Sound absorption of PPSA and single PP absorbers with the same hole spacing. (a) Sound
absorption coefficients; (b) Specific acoustic impedance.
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Table 3. Parameters for PPSA and single PP absorbers with the same hole spacing.

Parameters PPSA Single PP1 Single PP2
d(dy/dp) (mm) 2/4 4 4
t(tl /tz) (mm) 2 7 2
b (mm) 39.6 39.6 39.6

3.2. Sound Absorption of PPSA Absorber with Varied Hole Spacing, Aperture and Plate Thickness

The theoretical absorption coefficients of the single PPSA absorber with varied hole
spacing, aperture and plate thickness are marked with the color bar in Figure 7a—d. The
parameters of PPSA are listed in Table 2 and hole spacing b = 30 mm, air cavity D = 80 mm.
In Figure 7a, when other parameters remain unchanged, with the increase of hole spacing
b, the effective sound absorption is distributed in the lower frequency range, and the
maximum sound absorption coefficient reaches 1 and then decreases. In Figure 7b, when
aperture d; increases, the resonance shifts to higher frequencies and becomes weak, and
the maximum sound absorption coefficient is significantly reduced. That is, when the
perforation ratio is constant, the PPSA with a smaller aperture d; is more conducive to
sound absorption in the low frequency range. The effect of aperture d, on the sound
absorption is similar to that of aperture d;, so no explanation is given here. In Figure 7c, as
the thickness f; increases, the resonance occurs in the lower frequency, but the maximum
sound absorption coefficient becomes lower. This is because the small aperture with a large
thickness causes excessive damping. In Figure 7d, when the thickness t, increases, the
resonance also moves to lower frequencies, however, the maximum absorption coefficient
of almost 1 is perfect in the whole range of t,. This is because for the large aperture,
the sound mass changes obviously as the thickness increases, while the sound resistance
changes relatively slightly. Therefore, proper parameters should be considered to obtain an
effective PPSA absorber for low frequency sound absorption.
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Figure 7. The sound absorption coefficients of PPSA absorber with varied structure parameters.
(a) Hole spacing b; (b) Hole aperture dy; (c) Plate thickness t; of the small aperture; (d) Plate thickness
ty of the large aperture.
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3.3. Sound Absorption of PPSA Absorber Array

Due to its Helmholtz resonance nature, PPSA absorber exhibits good sound absorption
in the vicinity of the resonance. To further improve the sound absorption of PPSA absorber,
only one rigid plate is inserted to separate the air cavities, thus introducing additional
resonances to expand the absorption bandwidth, while the structural parameters of the
PPSA remain unchanged.

Without loss of simplicity, a PPSA absorber array consisting of two sub-PPSA ab-
sorbers arranged in parallel is shown in Figure 8a. According to the electroacoustic analogy
method, the surface impedance of the PPSA absorber array is expressed as:

-1

where @1 and ¢, are the area ratios of sub-PPSA1 and sub-PPSA2 to the PPSA absorber
array, Z1 and Z, are the surface impedance of sub-PPSA1 and sub-PPSA2 absorbers,
respectively.
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Figure 8. PPSA absorber array. (a) Structure diagram; (b) Sound absorption coefficients; (c) The
acoustic pressure field (color map) and velocity distribution (yellow arrow).

Next, we will discuss the sound absorption performance of PPSA absorber array. As
an example, a PPSA absorber array with panel thickness t = 2 mm, air cavity D = 100 mm,
diameters of stepped hole d; =1.5 mm and d, = 4 mm, and its relevant parameters are listed
in Table 4. The sound absorption coefficients of PPSA absorber array, sub-PPSA absorber
and single PPSA absorber are demonstrated in Figure 8b. It can be observed that, the two
peak of the PPSA absorber array are located at 158 Hz and 208 Hz, and the peaks of sub-
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PPSA1 and sub-PPSA2 absorber are positioned at 154 Hz and 213 Hz, respectively. That is,
the two peaks of the PPSA absorber array are corresponding to those of sub-PPSA1 and
sub-PPSA2 absorber, and the apparent frequency shift can be attributed to the interaction of
sub-PPSA1 and sub-PPSA2. In addition, the PPSA absorber array has a sound absorption
coefficient greater than 0.6 from 129 Hz to 257 Hz, and its sound absorption bandwidth
is about 128 Hz. In contrast, the single PPSA absorber has a sound absorption coefficient
greater than 0.6 from 150 Hz to 237 Hz, and its sound absorption bandwidth is about 87
Hz. Consequently, an array of PPSA absorbers can expand absorption bandwidth for low
frequency under the common coupling effect of multi-local resonances.

Table 4. Parameters for PPSA absorber array and single PPSA absorber.

Parameters PPSA Absorber Array Single PPSA
Sub-PPSA1 Sub-PPSA2 Absorber
d(dy/dp) (mm) 1.5/4 4 1.5/4
t(t1/tp) (mm) 1/1 1/1 1/1
o(o1/02) (%) 0.095/0.67 0.185/1.315 0.28/1.98

Intuitively, Figure 8c shows the distribution of the normalized sound pressure and
particle velocity at two absorption peak frequencies f = 158 Hz and f = 208 Hz. As observed,
at f = 158 Hz, the sound pressure in the air cavity of sub-PPSA1 is approximately four
times higher than that of the incident sound field, and most of the particle velocity flow is
distributed in sub-PPSA1 absorber. Similarly, at f = 208 Hz, due to strong local resonance,
the maximum sound pressure and particle velocity flow are mostly concentrated in the
sub-PPSA2 absorber, and even the sound pressure does not change in the Sub-PPSAL.
Thus, it is confirmed that acoustic energy is mainly dissipated by the local resonances of
the PPSA absorber array.

For PPSA absorber array and single PPSA absorber, the measured and theoretical
sound absorption of sample 1 and sample 2 are shown in Figures 9 and 10, respectively.
The air cavity depth of two samples is 80 mm, and the approximate parameters for samples
are given in Table 5. There are some differences between the measured and the theoretical
absorption coefficients, as well as the acoustic impedance, but their sound absorption
characteristics are almost identical. For PPSA absorber arrayl, as shown in Figure 9a, the
measured sound absorption coefficient is higher than 0.5 from 141 Hz to 280 Hz, and its
effective sound absorption bandwidth is about 105 Hz. While for single PPSA absorber1,
the measured sound absorption coefficient is above 0.5 from 153 Hz to 247 Hz, and its
effective sound absorption bandwidth is about 59 Hz. Moreover, compared to a single
PPSA absorber without partition, as observed in Figure 9b, the specific reactance of the
PPSA absorber array changes relatively slowly and tends to 0, and its specific acoustic
resistance is close to 1 except for the non-strong coupling domain of the sub-PPSA absorber.
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Figure 9. The sound absorption of Sample 1. (a) The measured and theoretical sound absorption
coefficients; (b) The measured and theoretical specific acoustic impedance.
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Figure 10. The sound absorption of Sample 2. (a) The measured and theoretical sound absorption
coefficients; (b) The measured and theoretical specific acoustic impedance.

Table 5. Parameters of Samples of PPSA absorber array and single PPSA absorber.

PPSA Absorber Arrayl

Sample 1 Single PPSA
Parameters Sub-PPSA1 Sub-PPSA2 Absorberl
d(dq/dy) (mm) 1.8/3 1.8/3 1.8/3
£(t1/t5) (mm) 1/1 1/1 1/1
o(01/0) (%) 0.095/0.27 0.195/0.54 0.29/0.81
Sample 2 PPSA absorber array2 Single PPSA
Parameters Sub-PPSA1 Sub-PPSA2 Absorber2
d(dy/dy) (mm) 1.8/3.8 1.8/3.8 1.8/3.8
K(t1/t2) (mm) 1/1 1/1 1/1
o(o1/02) (%) 0.14/0.615 0.275/1.23 0.415/1.845

Similarly, for PPSA absorber array2, as shown in Figure 10a, the measured sound
absorption coefficient is higher than 0.5 from 165 Hz to 334 Hz, and its effective sound
absorption bandwidth is about 129 Hz. While for single PPSA absorber2, the measured
sound absorption coefficient is above 0.5 from 186 Hz to 302 Hz, and its effective sound
absorption bandwidth is about 72 Hz. In addition, Figure 10b exhibits that the acoustic
impedance characteristics of PPSA absorber array?2 are the same as that of PPSA absorber
arrayl. In summary, it is also demonstrated that the PPSA absorber array has the potential
to enhance sound absorption compared to a single PPSA absorber. In addition, the overall
dimensions of the fabricated specimens are 82 mm, which are only about 1/30th and 1/27th
of the maximum wavelength of the semi-absorption coefficient, indicating that the PPSA
absorber array is a compact structure for low frequency sound absorption.

4. Conclusions

In this paper, a PPSA absorber is studied to improve sound absorption for low frequen-
cies. The advantages of the PPSA are that it matches acoustic resistance of air characteristic
impedance and moderately increase acoustic mass by introducing stepped hole. The the-
oretical and numerical predictions agree well with the experimental results. In addition,
an array consisting of two PPSA absorbers arranged in parallel is explored, and PPSA
absorber array exhibits an effective broadband sound absorption due to the coupling effect
of local resonances. The measured results also show that PPSA absorber array as a compact
structure has the potential to control large wavelength noise in a limit space. Consequently,
the proposed PPSA provides a meaningful method for the application of perforated plates
in low frequency sound absorption. Moreover, in the subsequent work, we will investigate
the sound absorption characteristics of the array structure of multiple inhomogeneous
PPSA absorbers with different cavities.
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Abstract: The article focuses on the determination of the acoustic properties (sound transmission loss,
sound absorption and transmission coefficient under acoustic plane wave excitation) of membrane-
type of specimens by means of a combination of incident plane wave sound pressure and membrane
surface displacement information, measuring the sound pressure with a microphone and the mem-
brane displacement by means of a laser Doppler vibrometer. An overview of known measurement
methods and the theoretical background of the proposed so-called mobility-based method (MM) is
presented. The proposed method was compared with the conventional methods for sound transmis-
sion loss and absorption measurement in the impedance tube, both numerically and experimentally.
Finite element model (FEM) simulation results of two single layer membrane samples of different
shape configurations were compared, amongst which six different variations of the backing wall
termination. Four different approaches to determine the sound transmission loss and two methods
to determine sound absorption properties of the membranes were compared. Subsequently, the
proposed method was tested in a laboratory environment. The proposed MM method can be possibly
used to measure the vibro-acoustic properties of building parts in situ.

Keywords: membranes; acoustics; measurement method; transmission loss; simulations; experiment

1. Introduction

The membranes of variable shape are used both indoors and outdoors where mem-
branes have become part of roofing and shielding elements as well as of facades. A wide
range of solutions for structural skins exists, whether for single, second skin or double
skin facades, atria coating or exterior environment covering [1]. Moreover, lightweight
solutions such as membrane-based constructions are considered as a sustainable solution
in architecture [2]. From an acoustic point of view, every new construction solution brings
specific pitfalls associated with it. For example, the impact of the frequently used double
transparent facades (DTF) on administrative buildings for sound insulation improves the
sound reduction index, but has possible negative effects in the low frequency range caused
by standing wave resonances occurring in the air cavity inside the DTFE. DTFs can also cause
problems related to speech privacy in the interior caused by flanking transmission paths be-
tween attached offices, which can be problematic mainly in cases of low background noise
level in the DTF cavity [3,4]. Nowadays, when the influence of facades on environmental
noise is increasingly being discussed, adaptive facade (or smart fagade-facades that adapt
to the climate and environment through their skin) solutions with implemented membrane
structures are a topic of growing interest. The properties of membrane structures are very
dependent on their mass, dimensions and mechanical stresses. The present work was
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motivated by the idea of Martens et al. [5], where authors investigated in the determination
of the sound energy absorbed by the plant leaves based on the measured surface velocity
and sound pressure. The goal was to verify it that would be possible to apply the proposed
theory in an experimental way.

The theory of circular and annular membranes was described by Rayleigh [6]. For
more complex shapes, several approximate methods have been proposed by Mazumdar [7].
Later, the impact of the circular core fixed to the membrane was investigated [8]. A
number of previous works were published with a focus on the variations of the membrane
boundary conditions. For example, Wang investigated the impact of a pinned large
axisymmetric mass at the centre of the membrane on its natural frequency [9,10]. These
kinds of membranes were also called membrane-type metamaterial (MAMs) with so-called
negative dynamic mass [11-14].

By stacking together membrane panels with attached mass (circular shaped weights) in
the centre of membrane surfaces, the sound transmission loss of the membrane composition
can be increased in a broad band frequency range from 50 to 1000 [15]. The effect of the
mass of the membrane and the membrane tension on the transmission loss was investigated
by a number of researchers [15,16]. Normally, the bending stiffness of membranes can
safely be ignored. The restoring force arises entirely from the applied tension, not from
bending stiffness as is the case for plates.

Relatively popular MAMs or locally resonant sonic materials (LRSMs) contain arrays
of elastic resonators composed of a heavy core surrounded by a soft coating layer. In
principle, by loading the membrane by a relatively heavy object the so-called dipole
resonance occurs. The dipole resonance enhances the acoustic performance [17,18]. These
resonant materials are able to control low-frequency sound reflection and transmission very
effectively. The negative dynamic mass causes the subwavelength attenuation of sound
in the audible frequency band and breaks the mass density law. In the frequency range
from 100 to 1000 Hz, a significant increase of the normal incidence sound transmission
loss (nTL) can be achieved [19]. Spatially averaged force and acceleration are opposite
in phase, which leads to near-total reflection (anti-resonance) at the frequency between
two eigenmodes. In this region, the in-plane average of normal displacement is close to
zero [19]. This finding is usually visible in the sound transmission loss TL (dB) spectra as a
peak in the spectrum. Dips in TL and peaks in the sound absorption spectra are caused by
symmetrical eigenmodes.

An analytical vibroacoustic membrane model as a tool for the design of MAMs
was developed in [20]. Another analytical model was developed to compute the sound
transmission loss of a mass loaded rectangular membrane in a fast manner. It was shown
that the mass of the membrane is especially affecting the first normal incidence transmission
loss (nTL) peak and the resonance frequency, while the second resonance frequency strongly
depends on the membrane properties [21]. In the publication, the effects of the membrane
tension and the membrane surface density on transmission and characteristic frequencies
were investigated as well. Zhang later focused on the low-frequency sound attenuation by
MAMs carrying different masses at adjacent cells [22]. However, the most universal tool
to predict MAMs behaviour is still the Finite Element Analysis (FEA) approach (with a
commonly accepted uncertainty of about 20 dB peaks and dips of transmission loss spectra.
Additionally, the MAMs with coaxial ring masses were experimentally and numerically
analysed. The multiple coaxial arranged rings resulted in multi-peak profile (uniform
mass) or broadband TL peak (non-uniform mass) [19].

In later works, Naify investigated the scaling of LRSMs [23] by multi-celled structure
analysis. The impact of two parallel cells with mass and air cavity was analysed. It
appeared that the cavity thickness difference (from 2—-4 mm) had a negligible effect on its
normal incidence sound transmission loss (nTL (dB)) spectra in the frequency region below
1 kHz. It must be mentioned at this point, the applications based on MAMs principle
can find the application not just in the membrane type constructions. By application the
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dynamic vibration absorbers the significant local control of low-frequency noise can be
achieved [24-27].

Overview of Measuring Methods

Most of the investigations were performed under the acoustic plane wave incidence
conditions, by means of the Impedance Tube Method (ITM), also called the Standing Wave
or Kundt’s Tube Method. This measurement approach typically determines the nTL and
sound absorption («(-)) (or reflection r(-)) coefficient. The impedance tube apparatus is
commonly used for the characterization of locally reacting material samples. The sound
absorption determination by ITM can be done by measuring maximum and minimum
pressure amplitude in the tube by means of the moving microphone probe (the method
using the standing wave ratio, as described in [28]), or by determination of the pressure
transfer function between wave components at two or more microphone positions at a
given distance from the specimen along the tube [29]. The disadvantage is that the ITM does
not allow for oblique incidence measurement. Another standardized laboratory method
which is used very often is to determine the statistical sound absorption coefficient ag(-) in
a diffuse field in a reverberant room, according to ISO 354 [30]. The test results obtained by
this method are often considered the more realistic for characterizing specimen absorption
properties in situ, as compared to the ITM approach. However, this method requires a
reverberant room and a flat specimen with a total surface of 10~12 m2. From this expensive
measurement procedure “just” the absorption coefficient is obtained (and not a complex
valued reflection coefficient, as is the case in the ITM) and the measurement uncertainty
is relatively high. The absorption coefficient is determined based on Eyring’s formula
and is dependent on the reverberation time measured in the reverberation room with and
without the specimen, the room volume and the surface area of the specimen. There are
several microphone or p-u probe free-field methods. The basic principles are explained
in, e.g., Cox and d’Antonio [31]. Methods differ regarding the required sample size,
wave decomposition methods, measurement setup composition and procedure (number
of microphones—from two to array, distance of microphones from specimen, angle of
incidence, distance of source, etc.). Free-field methods consider the incident sound wave
as a plane wave (implying that a well-defined acoustic field is required, demanding the
absence of spurious reflections and edge-diffracted waves [32]). A good accuracy can be
achieved by means of free-field methods in the frequency range above 290 Hz (for oblique
incidence above 400 Hz [33]). Champoux and L'esoerance [34] found that the measurement
does not yield accurate results for low values of kR (for R = 3 m and k < 5.5 m~!), where
k is wave number and R is the distance of the sound source from the specimen surface.
They also found that phase mismatch between microphones plays a crucial role, especially
in the measurement of low frequencies or highly reflective materials. Assuming the non-
standardized, impulse-response based microphone methods, the work of Nocke’s [35] can
be mentioned, which describes a method to determine the sound absorption from frequency
80 Hz onwards considering Fresnel zones. A different technique for sound absorption
determination, by means of a p-u probe where the measured sound pressure and the
normal component of the particle velocity determines the absorption, was introduced for
the first time by Liu and Jacobsen [36].

Several approaches exist to determine the sound transmission loss. The simplest,
which are the same as in the sound absorption case, make use of ITM. For example, the
three-microphones method to measure the high nTL (up to 100 dB) acoustic samples
was developed by [37] (the usual limit is around 50 dB in the frequency range below
500 Hz [38]). Generally, all ITM methods can be divided into two groups: the first group is
based on the wave decomposition (WD) (three or more microphones, one or two acoustic
loads) and the second group is based on the transfer matrix (TM) method (one or two
acoustic loads). The disadvantage of ITM methods, similarly as in the case of sound
absorption determination, is that the size of the test specimen is non-realistically small
(which causes problems in relation to the way the test specimen are fitted in the tube)

151



Appl. Sci. 2021, 11, 10357

and the TL is determined under normal-incidence acoustic waves only (nTL). There are
several standardized methods to test “real-size” specimens. For example, the most often
used laboratory methods are in accordance with ISO 10136-2 [39]. The method is intended
to determine the airborne sound insulation R of separating structures mounted in the
transmission suite. In this approach, it is required that sound transmission via flanking
paths is suppressed sufficiently well and the sound field in the source and receiving room
are assumed to be diffuse. The spatially averaged sound pressure level in the source and
receiving room are measured by a microphone, and the contribution of the reverberant
sound field to the total measured sound field in the receiving room is accounted for. The
less popular and alternative laboratory technique follows the standard ISO 15186-1 [40]
where the intensity sound reduction index R; is determined based on averaged sound
pressure level in the source room, and the sound intensity level radiated from specimen
surface in the receiving room. In this approach, the radiated intensity levels are determined
by means of a sound intensity probe, and the receiving room is preferably an anechoic
room. For in situ measurements, the standards ISO 16283-1 [41] and ISO 16283-3 [42]
for airborne sound insulation of walls, small elements and facades, respectively, were
established. Similar to the case of laboratory measurement, the intensity method exists for
in situ cases [43]. To cope with the high measurement uncertainty of the sound reduction
index measurements of building elements in the laboratory according to standards, at
low frequencies, two alternative measurement approaches were developed. The first
one is a measurement procedure in which a diffuse field is created in the source room
through positioning an array of loudspeakers close to the specimen to be excited in the near
field [44]. The structural response measurement was done by means of vibrometry (laser
Doppler vibrometer, LDV). The second one is a hybrid experimental numerical approach
to determine airborne sound insulation by using mobility measurement combined with a
numerical procedure [45]. In this approach the device under test is mechanically excited by
means of a shaker, and the response is measured by LDV. An alternative approach is to
excite the structure by means of a Nd:YAG pump laser [46]. This measurement method has
the advantage that the excitation is done contact-less, yielding a contact-less approach for
both excitation and response measurement, which would have advantages for application
in situ.

The sound absorption coefficient as well as sound transmission loss can be determined
by different methods relating to the type of acoustic field and source. The application of
the vibrometry technique has already proved its usefulness in building acoustics several
times. Vibrometry generally helps for better understanding the structure’s behaviour in
the low frequency range. In the literature, one can find already the scanning laser Doppler
vibrometer application for a normal incidence sound absorption determination (for high
frequency range—above 3 kHz) [47]. However, the reflection coefficient was determined
based on a number of Doppler frequency shifts measurements at different laser beam
angles obtained by scanning the field of the standing wave tube made from glass (during
operation with the test specimen), backed by a rigid wall with retroreflective tape, which is
very far from the technique numerically investigated in this article.

Despite of the wide range of the measurement approaches briefly mentioned above, in
this article, we focus on the determination of the acoustic properties (sound transmission
loss nTL transmission coefficient 7(-) and acoustic absorption a(-)) of membrane-type
specimens excited by well-defined plane wave excitation by means of surface displacement
(in the impedance tube environment). Numerical models were used to simulate the
membrane-type specimen being mounted in an impedance tube. Both properties were
determined by means of incident pressure and specimen surface mobility information
under normal incidence plane wave excitation. The data processing procedure yields
both « and 7. However, because these two quantities are related to each other (as will be
discussed in Section 2, near Equations (6)—(8)), emphasis is put on the determination of the
transmission coefficient 7. Subsequently, the proposed method was experimentally tested.
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By combining the known incident sound power and the frequency response of the av-
erage surface mobility, both acoustic characteristics can be determined for normal incidence
plane waves. The paper is outlined as follows: Section 2 Materials and Methods including
the theoretical explanation of the approach used for the determination of nTL, « and T and
the numerical study focused on theoretical verification for two different specimens and
six different boundary scenarios. In the Section 3, the laboratory experiment is introduced.
Subsequently, numerical simulations and experimental results were analysed (Section 4).
This work should be considered as an intermediate step towards a method to measure the
acoustic characteristics of membrane structures (e.g., tent structures) in situ.

2. Materials and Methods
2.1. Theory
2.1.1. Determination of Normal Incidence Sound Transmission Loss

The normal incidence sound transmission loss nTL (dB) is defined as the ratio of
the incident and transmitted sound power (Watts), or by means the sound transmission
coefficient 7(-) using the ITM. The transmitted and incident sound power (W; and W;) need
to be derived from measurements in the impedance tube. Generally, the most accurate
technique to determine nTL is the measurement approach based on the transfer matrix ™
approach, precisely described in ASTME2611-09 [48] and ISO 10534-2 [29]. An application
of the method described in the standard is given in [49]. The method requires the determi-
nation of the transfer matrix by means of a measurement of the complex sound pressure
(amplitude and relative phase) at four locations, two on either side of the specimen.

W, 1 T + (%) +pcTos + Tan
nTL = 10log1o <Wt> = 10log1p <?) = 20log1p ofad 1)

where W;, Wi, T, ko, ¢, d, and p are incident and transmitted sound power (Watts), trans-
mission coefficient (-), wave number (m 1), speed of sound (m/s), diameter of the tube
(m), density of the air (kg/ m?) and T4, T1p, T, Toe are transfer matrix elements derived
from transfer functions between sound pressure measured at the microphone positions,
respectively. Usually, two different terminations (anechoic, open, minimally reflecting,
etc.) are used. In specific cases, when the specimen is geometrically symmetrical and is
presenting the same physical properties to the sound field on both sides, the one-load
method is sufficient for use. When using this method, the effect of reflections from the
termination is almost negligible. For more information about the measurement procedure,
see standard ASTME2611-09 [48]. Later, a modification of the method was developed for
just three microphone measurements (two in the upstream part of the impedance tube,
third microphone flush mounted directly on the hard termination) [50].

Another possible method to determine nTL is based on wave decomposition (WD)
theory, which deals with complex wavefields upstream and downstream of the element.
The goal of the method is to decompose the wavefields in terms of forward and backward
propagation waves. The method went by several modifications from three microphones
(two flush mounted upstream and one downstream) developed by Seybert and Ross [51]
to four microphones (similarly mounted as in the TM approach) developed by Chung
and Blaser [52,53]. Later, the WD-TM hybrid method was developed by Bonfiglio and
Pompoli [54]. They proposed a one-termination measurement approach based on a transfer
matrix formulation, taking into account the reflection contribution from the end termination
and the phase shift introduced by the material. The two mentioned WD methods assume a
fully anechoic termination. From the WD methods, the best results might be achieved by
an approach developed by Salissou [55], whose work was influenced by Ho et al. [37], and
Peng et al. [56] as well. The method takes into account the complex reflection coefficient at
the surface of the sample on the source side and on the termination side (r; and r;) as well
as the complex reflection coefficient at the surface of the termination r,. As the reflection
coefficient r can be derived just by combining two terminations measurement data, this
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measurement technique requires two terminations (read more about in [55]). The normal
incidence transmission loss can be subsequently derived as (Equation (2)).

effol1 4 e~ rkols

nTL = —20log10|Ha (1 - rzrbezjkoDz) )

e~JkoL2 4y eikola

where Hsp, Dy, L1, Ly and j is the transfer function between microphones 2 and 3, the
distance between the termination and the sample, the distance between microphone 2 and
the sample on the source side and microphone 3 and the sample on the termination side,
respectively, and imaginary unit (Figure 1).
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Figure 1. The scheme of the impedance tube with indication of all necessary variables to determine
nTL. Upstream tube (Left), downstream tube (Right). Where p(,1_4) and Mic 1-4 denote the micro-
phone positions, where the sound pressure is measured related to the x-coordinate, p; ;s and py s
are effective values of the incident and transmitted sound pressure at the surface of the specimen
(derived from the measurement data p(,1_4)), s is distance between microphone positions and L1, L,
are distances from of the microphone to the specimen surface.

An interesting approach was recently developed by Wei [57], who proposed the WD-
based nTL method using only two upstream microphones (the so-called upstream tube
wave field decomposition UWD).

One of the methods that is used in this paper as a reference for the determination of
nTL was derived from the work by Seybert [58]. Unlike other methods, it takes into account
the multiple reflection form the back of the impedance tube. The method was developed
originally for the sound transmission loss determination in ducts systems (Equation (3)).

S11 + Spo — 2Cqpcoskys + 2Qqpsinkps

TL =101 -
" 0810 S33 + Sgq — 2Csyc0skos + 2Q3ysinkps

@)

where S11, S», S33, and Syy are auto spectra (Pa?) of the total acoustic pressure at micro-
phone positions 1, 2, 3 and 4 (Figure 1), Q12 and Qs34 are imaginary parts and Ci, and Czq4
are the real parts of pressure cross spectra between microphones 1 and 2 or 3 and 4 and s
(m) is distance between microphone pairs 1 and 2 or 3 and 4, respectively. The method is
precisely described in Reference [58].

Thus far, an overview of several of the most well-known methods for nTL determining
has been mentioned. As mentioned earlier, motivated by the idea of Martens et al. [5],
the presented work wants to prove the theory that if the incident sound pressure and the
vibration vector of membrane measured by means of the chosen vibrometry technique is
known, the sound transmission loss as well as absorption can be determined. In the case
of an impedance tube, the radiated sound power into the downstream part of the tube,
or the sound pressure at a specific distance from the vibrating surface (depending on the
termination), can be determined from the spatially averaged measured displacement of
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the vibrating surface. The normal component of the wall velocity is equal to the particle
velocity at the wall surface in the case of the perpendicular plane wave excitation [59].
The measured specimen can be considered as a non-baffled piston, assuming a simple p-c
impedance. Motivated by the work of Chen [20] (hereinafter referred to as the Mobility-
based Method—MM)), the sound transmission loss can be subsequently determined as
(Equation (4)):
p i,rms
L = 200810 o () @

where <w> is the spatially averaged displacement measured at the specimen surface at the
receiving side, p; s (Pa) is the rms value of the incident sound pressure at the z-coordinate
of the upstream side of the specimen, ¢y is speed of the sound (m/s) and py density of
the air (kg/m?). The above described method, which combines measurement data of the
membrane displacement as measured by means of a laser Doppler vibrometer and the
sound pressure measurement data of two microphones at the source-side of the impedance
tube, is referred to as the mobility-based method (MM). The mobility-based measurement
method proposed in this paper, was motivated by the work of Tijs [60] as well as Chen [20].
The same principle was used for the sound absorption determination (see Section 2.1.2).

The application of this procedure can be found in membrane analysis, when the
specimen is accessible only from the acoustic excitation side (laboratory or in situ) specially
in the cases when the surface of investigation in inaccessible places due to location or
extreme conditions. In case of access from the receiving side, the application can be
applied for planar specimen without limitations. The comparison with methods mentioned
above (Seybert, Salissou and ASTM E261109) and below (ISO 10534-2) can be found in
Sections 4 and 5.

2.1.2. Determination of the Normal-Incidence Sound Absorption and
Transmission Coefficient

As mentioned above, the transfer function method (TFM) in accordance to ISO 10534-2
is the approach most often used for determination of the sound absorption coefficient in
practice [29]. The method uses an impedance tube with a sound source connected to the
one end of the tube and the test sample fixed in the tube at the other end. The complex
sound pressure is measured by means of two flush-mounted fixed microphone positions in
front of the specimen. The complex reflection coefficient r can then be determined by means
of the acoustic wave field interference decomposition. The sound absorption coefficient
(«(-)) (Equation (5)) as well as other quantities like surface impedance (Z (Pa s/m)) and
admittance (G(-)) of absorbing materials can be derived subsequently. The acoustic waves
generated by the source below the cut-off frequency of the tube may be considered as
plane waves.

Pa2) o jkos 2
W, W, +W —e .
a:izqilnzlfhmr*‘ :17|r|2:17 p('_ﬂ)ieszoxl (5)
Win Wiy efkos — Px2)
P(x1)

where 7*(-) and s (m) are complex conjugate of the reflection coefficient and the distance
between microphone positions 1 and 2, p1), p2) and ko is sound pressure at coordinate
x1 (m) and x, (m) and wave number (m~?) (Figure 2).
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Figure 2. Scheme of determination of the sound absorption by means of an impedance tube. The
curves indicates the amplitude of incident (blue curve), reflected (red curve) normal incidence plane
wave and the standing wave ratio (yellow curve). Where p(,1_3) and Mic 1-2 denote the microphone
positions, where the sound pressure is measured related to the x-coordinate, p,,,s s is effective values
of the incident sound pressure at the surface of the specimen (derived from measurement), s is
distance between microphone positions, x1, x, are distances from of the microphones 1 and 2 to the
specimen surface, respectively, and LS is loudspeaker.

The measurement method proposed in this paper combines the laser doppler vibrom-
eter and microphone measurement data (i.e., the surface displacement and known incident
pressure p;us,1 at the plane at the surface of the specimen—specifically a membrane). The
sound transmission and the absorption coefficient of the membrane are closely related.
Whilst in Section 2.1.1 it was already detailed how the sound transmission #nTL can be
determined from sound pressure and vibration measurements, the absorption coefficient «
can also be determined in this way, as explained below. The sound absorption coefficient
is defined as a ratio of energies (Equation (5)), where W,, W;,, W,, Wr in (W) are, respec-
tively, the absorbed sound power, incident sound power, dissipated sound power in the
membrane and the transmitted sound power. Whereas the sound absorption in porous
materials is caused by viscous and relaxation losses, in stretched membrane resonates
it depends on the material properties, tension and the geometry of the membrane. If
the excitation of the membrane is low (and non-linearities are neglected), the dissipation
caused by dissipation of vibration energy (into heat) is also negligibly low. Therefore, in
case of nonperforated membranes, the dissipation of energy out of the resonance region
can be in most of cases neglected. The observed decrease in the sound reflection spectra is
mainly related to the high sound transmission at the membrane resonance frequencies. By
neglecting the dissipated energy in the membrane (which is often valid in the case of the
single, thin membranes without internal dissipation), the absorption can be approximated
by 7(-), as defined by Equation (6):

Wr _ (w-po-co-(w))?
T=r R —————— (6)
W; p%
where Wy and W, are the transmitted (obtained from the surface mobility at the receiving
side of specimen) and incident sound power in (W) at the specimen surface and p; is the
sound pressure at the surface of incidence and can be expressed as (Equation (7)):

—jkox —jkox:
P PO @)
pi= e—2kox1 _ p—2jko%

where p(,1), p(x2) and kp is sound pressure at coordinate x; (m) and x; (m) and wave number
(m™!), respectively. The pressure data p(,1), p(x2) can be obtained by the two microphones
at the source side of the impedance tube.
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plane wave source

Membrane no.1

Membrane no.2

From the above mentioned the sound absorption can be derived (Equation (8)). The
equation is valid only for the perpendicular plane wave excitation of the specimen with
negligible low internal losses (ideal membrane).

1-— Pirms — (]"w‘pofo'(ZU)) 2 (8)

Pirms

"=

2.2. Description of Numerical Study
2.2.1. Single Layer Membrane Sample

A 3D Finite Element Analysis (FEA) model that includes acoustic-structure interaction
was created in the commercial software COMSOL Multiphysics to simulate the surface
mobility of a membrane mounted in an impedance tube. Based on the simulation data, the
nTL, « and T were determined using the theory that was presented in the previous chapter.
To resemble the real case, the situation of a membrane being mounted in an impedance
tube, the FEM model of impedance tube with inner diameter of the cylinder shape tube was
d=0.1m created (d < 0.586*c/fpper frequency limit» Which corresponds to the upper frequency
limit, or the cut-off frequency of 2 kHz). The distance between microphones (receiving
datapoints) was set to s = 0.075 m (s << ¢/ (2*ypper frequency limit))-

The upstream and downstream impedance tube is a cylindrical tube with acoustically
hard wall boundary conditions. The model allows for a variation of the surface impedance
of the tube termination (backing wall), with the impedance Z = (1 + r)/(1 — r) x (p-cp),
where 7 is the desired reflection coefficient of the backing wall. As the testing specimen, a
0.5 mm thin membrane with material properties of PTFE (Polytetrafluoroethylene) foil was
chosen. PTFE is widely used in modern architecture to cover open spaces. It is also used as
a fagade-coating material.

The membrane was clamped at the perimeter. The tension was applied as initial stress
in the radial and tangential directions of the membrane as Ty = 10 kN/m?. The Young's
modulus, Poison’s ratio, and density of the PTFE membrane were 4.8125 x 10° Pa, 0.33
and 2175 kg/m?, respectively. The structural loss factor was defined as 175 = 0.02(-) (for
objective reasons related to the use of linear solvers, it was necessary to enter at least
minimal damping into the model). The membrane was surrounded by air (og = 1.29 kg/ m3;
co =343 m/s) at both sides of the membrane and was excited in by a 1 Pa plane wave
radiated from the upstream end of the tube. Six absorption properties of termination were
simulated (a1 = 1.0; &2 = 0.9; a3 = 0.7; a4 = 0.5; a5 = 0.2; a = 0.1), to investigate the impact
of the termination on the resulting nTL, T and «, respectively. The generated mesh resulted
into 34,547 degrees of freedom (DOF) with a maximum element size (co/fupper frequency limit/5)
= (0.034 m (Figure 3a).

i
plane wave source

termination termination

() (b)

Figure 3. View of 3D FEM model meshing. (a) Single membrane; (b) rectangular shape membrane, where [y, I, h,

w, d are length of downstream and upstream part of impedance tube, height, width and diameter of the tube cross

section, respectively.
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2.2.2. Rectangular Shape Membrane Specimen

Despite the experience that the cross section of the impedance tube is almost always
a circle, an additional study with a rectangular shaped membrane was performed. The
reason was that in the realization of building structures one seldom encounters circular-
shaped membranes. The change in shape should introduce additional resonant areas into
the membrane response. For this purpose, a model of an impedance tube with dimensions
in the cross section of 100 x 125 mm with a membrane thickness of 0.5 mm (PTFE foil) was
created. The tension, Young’s modulus, Poison’s ratio, structural loss factor and density of
the PTFE was set similar to the case with one membrane. Again, six absorption properties
of termination were simulated (1 = 1.0; ap = 0.9; a3 = 0.7; a4 = 0.5; a5 = 0.2; ag = 0.1), to see
the impact of the termination on the resulting nTL, T and &, respectively. For this specimen
case, only the ASTM, ISO and Mobility based methods were compared. The generated
mesh resulted to 106,430 DOF with maximum size of mesh element = 0.049 m (Figure 3b).
It should be mentioned that the upper frequency limit, or the cut-off frequency, is 1372 Hz
for this case.

3. Description of Measurements
3.1. Description of Measurement Setup

In this section, the measurement setup and the specimen examined in the study is
described. The measurement setup was created based on the impedance tube principle as
described in the ASTM or ISO standards [25,44]. The core part of the construction was a set
of rigid steel tubes of diameter 0.1 m, which gives us an upper cut-off frequency of about of
2 kHz. To allow an LDV-scan of the vibrating membrane the impedance tube was accessible
from one side surface of the chosen specimen. In this paper only the single membrane
experiment is presented so the scanning from one side, the muffler side, was sufficient.
However, the measurement setup gives opportunity to perform scanning measurements
from both sides of the sample (also from the source side). This would find the application
in cases of more complex specimen (which were not investigated here). Therefore, the
loudspeaker (on the source side) was mounted on the (cylindrical) wall of the impedance
tube as shown in Figure 4b.

(b)

Figure 4. The measurement setup modification description. (a) Photo of full setup; and (b) the axis perpendicular side

connection of LS.

The 6 speaker type “Eminence ME6-7586408 ohm” was mounted on a rigid plate. The
speaker was driven by a Mono Power Amplifier (Vincent SP-996). On the other side of the
impedance tube apparatus, a low frequency muffler with an open end was mounted. The
muffler consisted of a sheet-steel wall-based hollowed cone (upstream diameter = 0.75 m;
downstream diameter = 0.1 m; length = 0.97 m), filled with mineral wool (see Figure 4a—
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right end). The muffler was designed in accordance to the standards ISO 5136 and ISO
7235 [61,62]. The measured sound absorption of the muffler is shown in Figure 5a. One
can see that the sound absorption has a straight tendency as the function of the frequency
in the range from 200 to 1100 Hz.

0 L L L L L L L
0 200 400 600 800 1000 1200 1400 1600
{Hz)

(@) (b)

Figure 5. (a) The sound absorption coefficient spectra of the muffler measured in accordance to ISO 10534-2; and (b) test

specimens—a single-leaf 0.5 mm PTFE membrane.

Due to this, the presented measurement results were also evaluated only in this
frequency region. Several holes were available in the tube apparatus for flush mounting the
measurement microphones. The chosen pair distance (for the upstream and downstream
part for nTL as well as T and a determination) was 75 mm in both cases. A scheme of the
total setup is shown in Figure 6. The microphones that were used for the measurements
were a pair of %” ICCP pre-polarized microphones (BSWA MA231), conditioned by the
multichannel measurement system (Soft db—Tenor 24 bits, 8—channel data-logger). The
ASTM and ISO based results were obtained by means of the impulse response measurement.
As the excitation signal, for microphone measurement-based methods, a sine sweep was
used. The Matlab™ postprocessing routines were created for the data processing.

s Micl  Mic2 Mic 3 Mic 4
<w>
A \ = Lov
s x2 x3 s
xl x4 J

Open f ‘ Open l
Specimen w

Figure 6. Scheme of measurement setup with LDV scanning head. Where Mic 1-4 denote the microphone positions, s is

distance between microphone positions, x1-x4 are distance of the microphones to the specimen surface, <w> is the spatially
averaged displacement measured at the specimen surface, LS is loudspeaker, LDV is laser doppler vibrometer.

To determine the mobility-based sound transmission loss, a scanning laser Doppler
vibrometer Polytec PSV 400 controlled by PSV Acquisitions SW was used. The measuring
perpendicular mesh of 253 points was generated by SW tool and scanned. The reference
excitation signal for the mobility-based method was pink noise generated by means of
portable signal generator type Minirator-MR1 (NTI). The scanning grid used for spatially
averaged velocity (or displacement data) consisted of 305 points.
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3.2. Specimen Description

The test specimen was a stretched PTFE membrane with a thickness of 0.5 mm and
density of 2175 kg/m3 (Figure 5b). Other material properties were derived from the
numerical parametric study and measurements (Young’s modulus and Poison’s ratio were
4.8125 x 10° Pa, 0.33). The membrane was stretched on a stretching ring made from PLA
material precisely printed by means of a 3D printer (Prusa i3 (Anet a8)) and was fixed
inside of the impedance tube apparatus by mastic. The stretching ring consisted of two
rings connected by means of eight screws. In this way, the rings’ perimeter was divided into
eight parts with specific stiffness. After mounting the specimen into the impedance tube,
the rings were slightly bended, which caused the variation of the stiffness at the perimeter.
Specifically, two of the sixteen perimeter parts were significantly affected (the effect on
the measured result is discussed in the Section 4). The tension in the membrane was
To = 850 N/m?. The value of tension was derived from the numerical parametric study.

4. Results
4.1. The Normal Incidence Sound Transmission Loss (Simulations)

The nTL, T and « as determined by the different methods (for nTL-Seybert, Salissou,
ASTM and the Mobility-Based method, for #-ISO and for T-Mobility-Based method) were
compared. All the methods were compared for the circular shaped single layer membrane.
For the rectangular shaped membrane, the Seybert and Salissou methods were considered
for reasons of brevity.

Measuring the acoustic properties (nTL, T and «) in an impedance tube environment
serious artefacts can be caused by standing waves in the impedance tube. Obviously, these
effects are unwanted in the measurement of the acoustic properties of the sample. As these
artefacts are known to be strongly dependent up the acoustic termination of the impedance
tube, terminations were considered having six different values of the sound absorption
coefficient & of: a7 = 1.0; ap = 0.9; a3 = 0.7; ag = 0.5; a5 = 0.2; g = 0.1. In a number of cases,
a negative nTL was obtained at some frequencies, which is obviously non-physical, and
also related to standing waves in the impedance tube. These negative areas are marked by
a pale red colour (see figures below). The most accurate method, which does not show a
large dependency on the amount of reflection of the backing, was the ASTM method. For
this reason the ASTM method with 100% absorption backing wall has been considered as
the reference.

Seybert’s method, as mentioned above, is a one-load method and its results are
dependent on the termination sound absorption (Figure 7a). By increasing the reflection
coefficient of the back termination, the spectra of nTL are strongly affected by multiple
reflection between the sample and the termination. Due to these effects, this method
requires an anechoic termination. The frequency location of “unwanted” dips in the
spectra can be predicted from the relation fy = n-co/(2:12), where n, cy and I, are an
arbitrary natural number, the speed of sound in the air, and the length of the downstream
tube, respectively. Beside the dips and peaks related to the standing wave modes in the
downstream tube, also the dips which are related to the membrane resonances and the
peaks which are related to the anti-resonances, are affected. The worst highest and lowest
backing absorption are compared to the ASTM method in Figure 7f. Almost negligible
peaks/dips in nTL spectra are occurring in case with the 100% absorptive termination (the
thick blue curve), showing the real acoustic properties of the membrane structure under
test. By decreasing the termination absorption to 20% the differences increased up to 14 dB.
The wave decomposition (WD) by Salissou [55] is a two-load method (Figure 7b). The
results that are obtained with this method also strongly dependent on the load termination
absorption. In order to obtain reasonable results (less artifacts due to resonances in the
impedance tube), at least one of the two loads needs to have an high absorptive termination.
Nevertheless, the method of Salissou cannot eliminate the effect of the multiple termination
reflections effectively. In the worst case with termination absorption ratio 0.2: 0.1 (very
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nTL(dB)

reflective composition), the AnTL reaches the differences more than 20 dB in comparison to
the anechoic termination.
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Figure 7. The nTL of 0.5 mm thin membrane determination by means of different methods from the FEM model for six
different backing wall sound-absorption terminations (variation of termination absorption from «=0.1 to 1). (a) Seybert
(Wave field decomposition method (WD)—one load); (b) Salissou (WD-TM hybrid method—two loads variations with
termination (“term.” in the legend) absorptions denoted as o, x; for first load and second load); (c) ASTM E261109 (“ASTM”
in the legend, Transfer matrix method—single or two-load variations with different termination absorptions denoted as
1,01 for first load and second load variations); (d) mobility based method (MM—single load); (e) comparison of methods;
(f) comparison of chosen cases by the difference in the frequency spectra (AnTL = nTL; — nTLasTMm « =1); and (g) nTL spectra
of calculated based MM, with termination a = 0.1. The figure also includes structural modes of the membrane as well as the
acoustic modes of downstream tube causing the resonant phenomena in the spectrum.

The most accurate method (independent on the termination) for the determination of
nTL is the method in accordance to ASTM E2611-09 [48] (Figure 7c). Two transfer matrix
(TM) methods (single or two loads method) are described in the standard. In the case of a
phase synchronized and amplitude calibrated system, the two-loads method can properly
and accurately determine nTL while effectively neglecting the influence of the backing
wall termination on the sound absorption. The single-load method, for the numerical case
when the model was perfectly geometrically symmetric, gave reasonably accurate data
(comparable with the two-load method). The single-load method can be slightly affected
by a high reflection of the termination (Figure 7f). In the worst case for the single layer
membrane, the effect was not more than 0.7 dB at specific frequencies.

The results obtained by means of the mobility-based method (MM) are presented
in Figure 7d and a comparison with the ASTM method is shown in Figure 7ef. In this
comparison, the ASTM method with an absorption factor a = 1 was chosen as a reference
as this method gives most accurate results. As expected, the results obtained with the MM
method are also affected by the multiple back/front reflections in the impedance tube. In
case of an absorption of 20% at the impedance tube backing wall, differences up to 4 dB
were observed compared to the ASTM (« = 1)-reference method.

Figure 7g present the structural and acoustic modes which influence the dips in the
nTL spectra. In case of the circular (symmetrical) shaped specimens, only the symmetrical
modes are influencing the resulting spectra. The acoustic modes are dependent on the
length of the downstream. In order to demonstrate the applicability of the MM method to
the modally slightly more complicated shape of membranes, the response of a rectangular
membrane was numerically assessed. As in the previous case, a comparison of the results
was made only between the ASTM and MM methods (Figure 8). The sound transmission
loss and absorption of the rectangular membrane are most affected by the modes that have
an odd number of half-wavelengths in the transverse direction of the membrane patch
(Figure 8¢). As in the previous cases, for the anechoic termination, the spectrum determined
on the basis of both methods correlates well with each other in a global sense. Exceptions
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occur at specific frequencies which are related to resonances and anti-resonances. Here,
visible deviations up to 3 dB occur from the second mode having an odd number of half
wavelengths (Figure 8c). Paradoxically, this deviation, as in previous cases of anechoic
terminations of the MM method, is due to the fineness of the datapoint mesh on the
membrane surface. This can distort the attenuation in the resonant phenomenon. By
increasing the reflectivity of the backing wall termination, the front-back reflection in the
form of additional peaks in the spectrum is more pronounced.
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Figure 8. The nTL of 0.5 mm thin membrane determination by means of different methods from the FEM model for six
different backing wall sound-absorption terminations (variation of termination (“term.” in the legend) absorption from
« =0.1to1)(a) ASTM E261109 (“ASTM” in the legend, Transfer matrix method—single or two-load variations with different
termination absorptions denoted as a1,a; for first load and second load variations); (b) mobility based method (MM—single
load); (c) comparison of methods including graphical representation of resonant phenomena causing decreases in the
spectrum.; and (d) comparison of chosen cases by the difference in the frequency spectra(AnTL = nTL; — n"TLasTM « =1)-

4.2. The Normal-Incidence Sound Absorption and Transmission Coefficients (Simulations)

The normal incidence sound absorption and transmission coefficients were determined
by means of two techniques. The first one, the reference method, was the TFM in accordance
with ISO 10534-2. The second method, the mobility method, included the surface spatial
averaged displacement in the normal direction to the surface (in figures denoted as the
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mobility-based method—MM). The comparison of results is shown in Figures 9 and 10.
One can see that the results are in both cases dependent on the sound absorption of the
impedance tube termination (as expected). For a fully anechoic termination, almost the
same results were obtained for both methods. However, reducing the absorption coefficient
of the downstream termination the difference of the resulting absorption has increased
up to Aa = 1(%) to 1.5(%), respectively, where Ax = (¢ — 7)-100%, at frequencies of the
membrane symmetrical mode resonances. By using the parametric study, one can simply
distinguish between the membrane resonance caused absorption/transmission coefficient
peaks, the downstream tube termination cased resonances (strong effect in case of single
membrane—the increasing effect is visible by increasing the reflection of the termination)
(Figure 9a,b).
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Figure 9. Normal-incidence sound absorption of a single leaf PTFE membrane determined for six different terminations
(variation of termination (“term.” in the legend) absorption from « = 0.1 to 1, data were obtained from FEM). (a) TEM-ISO
10534-2 (“ISO” in the legend); (b) mobility-based method (“MM” in the legend); and (c) difference between sound absorption
obtained by means two methods expressed in percentage.
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Figure 10. Normal-incidence sound absorption of a single leaf PTFE rectangular shape membrane determined for six
different terminations (variation of termination (“term.” in the legend) absorption from « = 0.1 to 1, data were obtained
from FEM). (a) TEM-ISO 10534-2 (“ISO” in the legend); (b) mobility-based method (“MM” in the legend); and (c) difference
between sound absorption obtained by means two methods expressed in percentage.

For a rectangular membrane (Figure 10), resonances caused by downstream front-back
reflection are strongly suppressed except for the first mode of the tube, as it occurs near
the 3rd and 6th odd membrane modes. The difference in spectra between the individual
methods is, unlike the transmission loss (logarithmic expression), expressed as a percentage.
Here, again, depending on the type of tube termination, the resonant response manifested in
the peak/dip spectrum increases. The deviation with anechoic termination in comparison
with MM with the ISO method reaches a deviation of up to 3.5% for the second odd mode
and below 1% for other modes, what is acceptable. Interestingly, by changing the shape of
the membrane and the associated distribution of resonant modes, an increase in the sound
absorption of the sample was achieved.

4.3. Measurement Results

The sound transmission and the sound absorption and transmission coefficient were
determined in the impedance tube for the one PTFE foil-based membrane specimens
under a plane-wave excitation environment. The mobility method results (nTL, « and
T) explained above were compared with results determined in accordance to the ASTM
E2611 -09 approach (for nTL—single load) and in accordance with the ISO 10534-2 («).
Additionally, the FEM model was created taking in the account the membrane material
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[0:1]

properties (see Section 3.1) as well as the measured boundary condition (the tension
was Tp = 850 N/m?). The resulting comparisons are shown in Figure 11. Additionally,
the operation deflection shapes (ODS) of a vibrating membrane related to the chosen
frequencies, measured by means of the LDV, are also presented in Figure 11. With focusing
to identify the mode shapes, the ODSs are the spatial surface plot of the imaginary part of
displacement (the excitation signal was used as the reference signal to acquire information
of the phase surface phase).
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Figure 11. (a) Sound transmission loss spectra of the single layer 0.5 mm PTFE membrane. (b) Measured sound absorption
and transmission coefficient s of the single layer 0.5 mm PTFE membrane. Abbreviation describing the measurements based
on: ASTM—ASTM E261109; MM—mobility based method; ISO-ISO 10534-2.

The measured nTL spectra corresponds to each other rather well. The highest peak of
single-membrane nTL spectra at a frequency of about 510 Hz is caused by anti-resonance
phenomena (the displacement of membrane surface is too low). On the other hand, the
dips of nTL and peaks of a T spectra at a frequencies of approximately 205 Hz, 562 Hz and
1078 Hz are caused by structural resonances caused by 1st mode (0.1—the first axisym-
metric mode), 4th mode (0.2—the second axisymmetric mode) and the 9th mode (0.3—3rd
axisymmetric mode) of the membrane system. Two unexpected dips (that are missing in
the idealised simulation cases, e.g., presented in chapter 5.1) in the nTL spectra occurs at
frequencies 296 Hz and 464 Hz. The dips are related to the 2nd and 3rd structural mode (1.1
and 2.1) of the membrane. Normally, if the membrane edge boundaries would be uniform,
the influence of the 2nd and 3rd mode would not be visible. In the experimental case, the
stretching ring from PLA material was slightly bent, which affected the stiffness at the
membrane edges. The stretching ring consisted of two rings connected by means of eight
screws. In this way, the rings’ perimeter was divided into eight parts with specific stiffness.
After mounting the specimen into the impedance tube, the rings were slightly bended,
which caused the variation of the stiffness at the perimeter. Specifically, two of the sixteen
perimeter parts were significantly affected. This has been verified also in the FEM tuning
process where the significantly lower stiffness (the spring constant k; was lower by factor
10%) was needed to set in the boundary system of the membrane clamping. Caused by the
already mentioned nonuniformities in the tension in the stretching ring and its bending,
that not possible perfectly fit all the investigated frequency spectra. Nevertheless, the FEM
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and measurement based obtained results obtained for both discussed methods correspond
reasonably well with each other.

Despite the fact that the absorption of the muffler is relatively balanced only in the
frequency range from 200 Hz to 1100 Hz, the data from 100 to 1200 Hz were presented in
Figure 11. The reason was to demonstrate the effect of the change in the absorption of the
termination on the differences in the results. Results comparison of nTL spectra is giving
similar results in the range from 200 to 1100 Hz. Outside this frequency range, the results
differ, which is possibly caused by a high reflection of the muffler that causes unwanted
acoustic resonances in the system. The measured and predicted sound absorption spectra
show good similarities. The peaks caused by axisymmetric resonance modes have been
identified well by both methods. However, the absorption in spectra between first and
fourth peak (1st and 3rd axisymmetric mode) differ significantly. In this region the nonsym-
metric modes 1.12 and 2.1 are present. The effect of the bending and non-uniform stretching
of the membrane possibly increases the interaction between membrane and the ring that
causes the resonant interaction and internal loses that were not recognised well by the LDV.
This caused the difference between the sound absorption and transmission coefficients.

5. Conclusions

In this article, we focus on the determination of the acoustic properties (sound transmis-
sion loss, sound absorption and transmission coefficient) of membrane type of specimens
under acoustic plane wave excitation. An overview of the measurement methods to extract
the acoustic properties from impedance tube measurement data was given. It was noted
that the determination of the acoustic properties (nTL, T) in an impedance tube environ-
ment can be hampered by serious artefacts related to standing waves in the impedance
tube. Many measurement methods suffer from this, obstructing the extraction of the real
acoustic properties of the test specimen. The nTL measurement method least sensitive
on possible backing wall reflection caused by a non-perfectly anechoic termination is the
ASTM method (in accordance to standard ASTM E2611-09 [48]). In the case of the mem-
brane sound absorption coefficient measurement, the backing wall impedance is directly
influencing the resulting sound absorption. The method recommended by ISO 10534-2 [29]
was used as a reference throughout the paper. Subsequently, the theoretical background
of the proposed so-called mobility-based method (MM), which combines laser doppler
vibrometer measurement data and microphone measurement data, was presented. The pro-
posed MM method was compared with the conventional methods for sound transmission
loss and absorption measurement.

The methods were compared using numerically generated data from a finite element
model. The FEM models included six different variations of the backing wall termination
(g =1.0; ap = 0.9; a3 = 0.7; a4 = 0.5; a5 = 0.2; 4 = 0.1). The numerical investigation
focused on the assessment of the influence of the termination on the resulting values of
sound absorption and transmission loss spectra of two differently shaped membranes
(single layer circular shaped membrane and rectangular shaped membrane). The proposed
mobility-based method was compared with the standardized ASTM (nTL measurement)
and ISO (« determination) methods, as well as with two other chosen methods, and the
effect of the termination on the sound reflection was assessed. The ASTM method de-
scribes a measurement method that uses four microphones and one or two loads (different
terminations). When dealing with symmetrical test specimen, only one load suffices.

In the case if two loads method is applied almost no difference in results could be
observed. Based on the FEM results, the MM gave similar results for anechoic backing
wall termination as the results obtained in accordance to the ASTM E2611-09 with the local
deviation up to 3 dB. This is a common phenomenon in numerical modelling, where no or
very little damping is defined in the model. In the area of resonance, the results obtained
from different domains may be overestimated (in this particular case, the results from
the acoustic and the structural domain were compared). In absorption assessment, the
deviation is up to 3% for the first membrane resonance frequencies.
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At other frequencies the deviation is not more than 1%, for both the absorption factor
and the transmission loss. By increasing the reflection of the backing termination, the
deviations increases and the effect of the front-back reflection can be recognised. The effect
usually did not reach a deviation in the absorption of more than 3% and in the transmission
loss no more than 5 dB (excluding the 1st mode resonance effect).

In the experimental part the circular shaped single layer PTFE foil specimen was tested
and compared with the FE model fitted to the experiment. The MM was compared with
the ASTM (nTL) and ISO (x) measurement methods. The results were presented in narrow
band spectra, to see more precisely the differences in the results. The MM method gave
reasonable results for nTL spectra. Although the measurement results were affected by
the specimen bending caused by mounting in the measurement apparatus, which caused
unexpected dips in the spectra, the resulting spectra are comparable. Specifically, the
resulting nTL spectra determined in accordance to ASTM and MM correspond to each
other rather well. The membrane asymmetrical resonances and anti-resonances (which
normally have a dominant effect on the nTL, x and T spectra) were nicely recognised.
LDV gave us the opportunity also to identify other modes of the vibrating membranes.
Specifically, in the presented case, when the membrane was not stretched symmetrically
(caused by soft bending of the stretching ring—something that would occur often in
practice), it was able to determine the reason of occurrence of the additional peaks (dips) in
the spectra.

The MM would clearly find application in membranes analysis even for more com-
plicated elements, with higher energy dissipation in the structure and possible internal
resonances, the a cannot replace the 7. For practical applications, the advantage of MM
is that the nTL as well as « can be determined from a single-sided scan. In case of more
complex samples the measurement procedure will be needed to perform from both sides
of the specimen.

The method may be extended by a single microphone based incident sound pressure
determination approach known from standards. The presented work can be considered as
an intermediate step for method development applicable in practice. Main disadvantage of
the proposed method has only the limited application and is time consuming in comparison
to the conventional methods. The absorption measurement approach can be applied only
for membrane-based constructions, specially, with membranes with negligible internal
losses. Method is also sensitive on the amount of excitation energy (sensitivity of LDV,
respectively). Further investigation in the MM is expected. Future experiments in the
anechoic laboratory environment and the in situ free field are essential to prove the wider
application of the method. The goal is to have a method appropriate for the determination
of membrane-based structures acoustic/structural properties from larger distances. Mainly
in the cases when the surface of investigation in inaccessible places due to location or
extreme conditions.
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Abstract: The scattering phenomenon is known to be of great importance for the acoustic quality
of a performance arts space. The scattering of sound can be achieved in different ways: it can be
obtained by the presence of architectural and/or decorating elements inside a room (e.g., columns,
statues), by the geometry and roughness of a surface (e.g., Quadratic Residue Diffuser (QRD)) and by
the diffraction effect occurring when a sound wave hits the edges of an obstacle. This article deals
with the surface scattering effects and the diffusion phenomenon only related to MDF and plywood
panels tested by disposing the wells both horizontally and vertically. The test results undertaken
inside a semi-reverberant room and inside a large reverberant room have been compared to highlight
the success and the failure of the measuring methodologies. In detail, according to the existing
standards and regulations (i.e., ISO 17497—Part 2), diffusion measurements have been undertaken
on a few selected types of panel: two QRD panels (made of Medium Density Fiberboard (MDF) and
plywood) with and without a smooth painted solid wood placed behind the QRD. The panels have
been tested inside two rooms of different characteristics: a semi-anechoic chamber (Room A) and a
large reverberant room (Room B). The volume size influenced the results that have been analyzed
for both chambers, showing an overlap of reflections on panels tested inside Room A and a clear
diffusion response for the panels tested inside Room B. In terms of the diffusion coefficient in all the
octave bands between 125 Hz and 8 kHz, results should not be considered valid for panels tested in
Room A because they were negatively impacted by extraneous reflections, while they are reliable for
panels tested in Room B.

Keywords: scattering effect; diffusion coefficient; reflecting panels; QRD; ISO 17497

1. Introduction

The acoustic properties of surfaces are essential to estimate and calculate sound
propagation within an enclosed space [1,2]. The acoustic scattering from surfaces and
sound absorption characteristics are very important in all aspects of room acoustics, e.g., in
opera houses, concert halls, industrial workplaces and reverberation chambers.

The sound scattering mechanism is activated by the corrugations of the walls with
a sufficiently rough structure or by single elements such as columns, statues, etc., or by
diffraction effects along the edges of panels. For example, concert halls or theatres could
present focalization of the sound, so diffusing panels are inserted to solve this problem [3,4].
Many measurement methods have been developed to quantify the various types of sound
scattering coefficients and to determine the sound diffusion mechanisms. For many years,
acoustical surface scattering has been deeply studied by researchers worldwide [5-7], and
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its standard definition is the ratio of the energy reflected outside the specular zone to the
total reflected energy.

Cox suggested quantifying the diffusion by means of the standard deviation of the
reflected energy distribution [8,9]. A similar approach was proposed using a new diffusion
uniformity coefficient based on the circular autocorrelation function of the polar reflected
energy diagram [10,11]. Moreover, different techniques depending on the type of incident
sound field (free field or diffuse field) were proposed to measure the sound scattering coef-
ficient [12,13]. Contrastingly, the Audio Engineering Society (AES) proposed a measuring
technique of the diffusion uniformity coefficient [14].

Continuous studies in this field [15,16] brought the introduction of the standards ISO
17497-1:2004 [17], which refers to the measurement of the random-incidence scattering
coefficient, and ISO 17947-2:2012 [18], which refers to the measurement of the directional
diffusion coefficient.

In this paper, two diffusion measures are introduced with somewhat different applica-
tions. One measure was performed in a semi-anechoic chamber (Room A) and the second
in a large reverberant room (Room B). To determine the sound diffusion coefficient, two
QRD panels made of different materials were tested following ISO 17947-2:2012 regulation.
The success and the failure of the measuring methodologies being used are highlighted
by the contribution of extraneous reflections recorded inside Room A that compromised
the scattering results, which have been discarded because they were considered to not be
affordable values. The results of the panels tested inside Room B instead have been com-
pared with the reference curves of a theoretical model based on the principle of free field
sound propagation, while data analysis consisted of a polar distribution of the scattered
field through the use of the Fast Fourier Transform (FFT).

This concept could be extended to the correct architectural design of a room with
regard to the purpose of its appropriate use that sometimes, in the context of cost reduction,
is wrongly used for other types of sound tests by facing unexpected objectives.

Literature Review

Summarizing the two parts of the reference standard, the method detailed in part 1 of
ISO 17497 is focused on measuring the random-incidence scattering coefficient based on
the degree of roughness of the tested surface, while the method described in part 2 of the
same standard is focused on measuring the diffusion coefficient of a surface based on the
angle of the incident ray. For the panels selected for this paper, the method described in
ISO 17497:2012 part 2 has been adopted, specifically in two non-anechoic rooms of different
volume sizes.

The methodologies of ISO 17497 have been revised firstly by Mommertz and Vorlander,
who developed the free-field scattering measurements [15]. Outcomes of this research
were the assessment of the absorption coefficient for each frequency band, after an FFT
post-processing of the measured RIR obtained by rotating the panel at 5° steps on 72 angles,
and thereafter the evaluation of the scattering coefficient of the reflected sound.

Other practice experimentations were identified in the wave field synthesis (WFS)
approach by Farina [19], who characterized the scattering properties of a generic, finite-size
object by a large number of RIR measurements taken by moving the microphone at small
steps along a straight line instead of following the trajectory of a hemi-circumference.
Since the scattered wavefronts have more curvature than the specularly reflected ones, the
WES has been adopted because it can easily separate the two types of wavefronts. With
this technique, the estimation of the scattering coefficient is obtained by minimizing the
difference between the numerical calculations and the measured results.

2. Technical Description of the Two Types of Diffusers

In acoustics, different types of material and geometry applied to the diffusers have
been exploited and developed since the pioneering studies and research conducted by
Schroeder in the 1970s [8]. A common purpose of all the diffusers is to spread the sound

174



Appl. Sci. 2021, 11, 10523

waves into all directions, trying to reduce the strength of the undesired specular reflections
or echoes, while the sound energy remains preserved in the space [20].

Among the wide variety of panels (differing by material, shape, geometry, etc.), the
selected types of diffusers treated in this article are the following:

e Two Quadratic Residue Diffusers (QRD), varying in material component (i.e., MDEF,
plywood) and used in the horizontal and vertical configuration of the grooves;
e A smooth painted reflecting panel was used as the backing of the QRDs.

2.1. The Quadratic Residue Diffusers (QRD)

The spatially dependent reflectivity for the QRD follows the numerical sequences
with a uniform spatial Fourier transform of their reflection coefficient.

The phenomenon of diffusion started to be studied extensively in 1975 by Schroeder [8],
who provided a way of designing highly diffusing surfaces based on binary maximum-
length sequences showing that these periodic sequences have equal harmonic amplitudes.

Later on, he extended his method and proposed surface structures that give excellent
sound diffusion over larger bandwidths. Specifically, this kind of diffuser is composed of a
periodic sequence of grooves having the same length and different widths. The maximum
width is given by the maximum wavelength to be diffused, while the width of every
groove is determined by the dimension of half-wavelength to be diffused. The depth of the
sequence is determined by Equation (1).

d = n*-mod(p) 1)

In this case, n is an integer number, p is an odd prime number and mod() is the
operator modulus. By the input of these two variables, it is possible to determine the depth
of the diffusing panel by the relationship of the maximum depth (d;¢) and the maximum
number of the sequence (11,,r), as summarized in Equation (2).

dmax
d Nmax @)
Scientific studies [8] confirm that the limits for the effectiveness of the quadratic
residue diffusers are in function of the wavelength and, thus, of the frequency. Below
the lowest effective frequency, the diffuser works as a flat panel because the sequences
are too small to be influencing the incident sound wave, having no scattering effect. In
fact, the typical thickness of the QRD is half of the wavelength, corresponding to the low
cut-off frequency.
In a similar way, above the highest effective frequency, the wave propagation becomes
irregular and it cannot be considered a plane wave. The lower and upper limits are defined
by Equations (3) and (4).

d
Amax = 2p r;ax ®3)
Amin = 2w “4)

The input data for the measurements presented in this paper are as follows:

e  p =17 for the horizontal sequences;
e p=13for the vertical sequences.

The dimensions of the panels tested are 900 x 600 mm [L x H], as shown in Figure 1.
The same dimensions are valid for both MDF and plywood materials.
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600mim

(a) (©

Figure 1. Quadratic residue diffuser (QRD) used during the experimental measurements: (a) elevation; (b) horizontal
section; (c) vertical section. All the numbers are in mm.

The choice of the p numbers falls on the maximum efficiency of the panel to be
comprised between 250 Hz and 2 kHz.

2.2. Reflecting Panel

A painted solid wood panel has been used as the backing of the QRDs during the
measurements. It is not perforated and presents a smooth surface having dimensions of
900 x 900 mm [L x H]. Measurements were undertaken with and without this reflecting
panel, in order to obtain absolute values of the QRDs in their configuration and to simulate
the applications of the QRDs in specific environments such as auditoria, theatres, recording
studios, or conference rooms.

3. Measurements and Methodology

3.1. Standards and Regulations

3.1.1. Methodology in Line with ISO 17497: 2004+A1:2014, Part 1—Measurement of
Random-Incidence Scattering Coefficient in a Reverberant Room

Part 1 of the ISO 17497 deals with the method for measuring a random-incident
scattering coefficient by describing the number of reflections deviating specularly from
a surface. The frequency range of the measurements is comprised between 100 Hz and
5 kHz, in third-octave bands. The test should be undertaken in a reverberant room (as fully
described in ISO 354:2003 [21]) such that the absorption (A) inside the testing room should
not exceed A < 0.3 x V2/3,

The test sample fixed to a rigid base/plate is rotated by a turntable mechanized
system. The plate where the sample is fixed should be symmetrical with respect to the
axis of rotation and should have a size corresponding to the maximum dimension of the
test sample.

The test sample should be circular or flush-mounted, having a surface area as large
as possible in order to obtain a good measurement accuracy. It is recommended that the
sample structural depth should be small compared to the size of the surface to be tested,
it should be I < d/16, where d is the diameter of the turntable. Another condition to be
considered for the test sample is that the random-incidence absorption coefficient should
not exceed «g = 0.50.

Procedures for the measurement methodology should follow the ISO 18233:2006 [22].
The room impulse response (RIRs) should be measured without and with the test sample
accordingly with the ISO 354, with two source positions and three microphone positions at
least. The duration of the measurement should be equal to the time that the turntable em-
ploys to make a complete revolution. Measurement should be taken with and without the
test sample, in static and rotating turntable conditions, for a total of four different settings.
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3.1.2. Methodology in Line with ISO 17497:2012, Part 2—Measurement of the Directional
Diffusion Coefficient in a Free Field

Part 2 of the ISO 17497 deals with the method for measuring the directional diffusion
coefficient by describing the uniformity of the reflected polar distribution, best known as
the quality of the diffusing surface.

The diffusion coefficient describes the energy reflected by a surface, which is spatially
distributed by the description of a polar response. For this methodology, the microphones
are positioned radially in front of the test sample. The frequency range is the same used for
the turntable method, comprised between 100 Hz and 5 kHz in third-octave bands.

The environment of the measurements should be an anechoic chamber or a large
semi-reverberant room simulating the reflection-free environment. It is recommended that
the RIR should be taken in the far-field for monitoring the achievement of the amount of
diffusion and use the near field for any aberration or focusing effect.

In relation to the measurement procedures, at least 80% of the receiving positions
should be outside of the specular zone in order to meet the far-field conditions and the
distance between the source and the test sample should be 10 m, while the receivers’ radius
should be 5 m. The receiver angular resolution should be of a maximum of 5°. Regarding
the equipment, the sound source should be omnidirectional, emitting the sound signal as
described in ISO 18233:2006, while the microphones should have the same sensitivity to all
the conceivable reflection paths.

The measurements should be undertaken without and with the test sample. The polar
response processing is based on the isolation of the reflections given by the test sample from
other types of reflections (e.g., room boundaries). The influence of background reflections
shall be removed through windowing the RIR. If the window is set with a unity gain where
the reflections are present and zero elsewhere, the residual reflections will be removed.
The windowed RIR shall then undergo the Fourier transformation in each frequency band
of interest.

3.2. Real-Scale Room Models and Instrumentation

Two measurement campaigns were conducted in two real-scale rooms selected for
testing the diffusers and described as follows:

e A semi-anechoic room having dimensions 9 x 10 x 4.5 m [L x W x H] (Room A),
one of the facilities of the SCM Group located in Rimini. This room has a hard finish
floor and absorbing panels applied on walls and ceiling.

A reverberant room having dimensions 16 x 20 x 7m [L x W x H] (Room B), one
of the laboratory facilities of the University of Parma. This room has hard material as
a finished floor, plastered bricks on walls and an exposed concrete slab. Volume size is
considered big enough to ensure the condition of a free field. The equipment used for the
acoustic measurements is composed of the following items:

An equalized loudspeaker (Genelec 8351 SAM), Finland;

25 microphones pre-polarized for free field conditions (B&K 4188), Denmark;
8 converters for data acquisition (Behringer ADA-8000), Germany;

Firewire interface M-Audio (Profire Lightbridge), USA.

MacBook Pro 15”. Because the diffusion coefficient indicates how the quantity of the
reflected energy is distributed in space, both sound source and receivers were placed in
a certain way to determine the spatial distribution of the polar response of the reflected
sound. In particular, 25 microphones were positioned at a constant radial distance from
the sound source, recording the one-third-octave bands between 100 and 5 kHz. The
anechoic conditions for investigating the panels’ early reflections were obtained by setting
the microphones at floor level to prevent receivers picking up waves reflected from the
floor, which would distort the measurements.

The conditions of the experimental measurements followed the rules of the far-field,
by having 80% of the receivers out of the specular zone. In this research, the sound source
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was located only in front of the sample. The methodology for measuring the diffusion
coefficient used during the two campaigns followed ISO 17497, part 2.

The disposition of the instrumentation was different between Room A and B. In
particular, inside Room A, given the limited dimension of the space, the 25 microphones
were installed at a radius of 4 m from the test sample, which was located at the center of a
virtual semi-circumference, and the sound source was at a radius of 8 m distant from the
test sample, as indicated in Figure 2.

Legend:
® Microphone
W Source |

= Diffuser Sample am

25 Microphones

Figure 2. Equipment disposition inside the semi-anechoic chamber available at SCM Group in Rimini (Room A).

Differently, in Room B the 25 microphones were installed at a radius of 5 m from the
test sample, always located at the center of the semi-circumference, and the sound source
was at a radius of 10 m distant from the test sample, as indicated in Figure 3.

Legend:
@ Microphone
B Source 10m

= Diffuser Sample

25 Microphones

Figure 3. Equipment disposition inside the reverberant laboratory of the University of Parma (Room B).

The excitation signal employed for the RIR was an exponential sine sweep (ESS),
having a frequency range set between 40 Hz and 20 kHz. In each room and for each
panel configuration, the measurements were repeated three times with a silence gap of 5 s
in between.

The size of the speaker was big enough to cover the diffuser dimensions, while all
the microphones were set to have the same sensibility for any reflection going from the
diffuser to the receivers, with a drift of 4+ 1 dB.

The sets of measurements were undertaken to capture the 25 RIRs with and without
the test sample.
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The type of diffuser utilized for this experiment was a single plane, having an acous-
tic impedance constant along the x-axis. On this basis, the diffusion coefficient can be
measured on a plane orthogonal to the direction X, calculating the maximum diffusion.

3.3. Tests Performance

In each room, different configurations of the QRDs have been tested, with and without
the backing reflecting panel. Table 1 summarizes the test configurations.

Table 1. Test performance organized in Room A and B.

Configuration Room A Room B
Empty Room Tested Tested
Only reflecting panel - Tested

Only MDF QRD—Vertical - -
Only MDF QRD—Horizontal - -
MDF QRD with backing refl.
Panel—Vertical g Tested }
MDF QRD with backing refl.
Parlel—Horizon‘[alg Tested )
Only Plywood QRD—Vertical - Tested
Only Plywood
QRD—Horizontal
Plywood QRD with backing
refl. Panel—Vertical
Plywood QRD with backing
refl. Panel—Horizontal

- Tested

Tested Tested

Tested Tested

4. Data Analysis and Post-Processing

Data analysis has been realized by using the software Adobe Audition CC, which illus-
trates contemporarily all the RIRs given by the 25 microphones, as reported in
Figures 4 and 5.

Figure 4. Example of a polar plot of RIR data measured inside Room A: direct sound on the left and
reflected sound in the center.
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SRS

Figure 5. Example of a polar plot of RIR data measured inside Room B: direct sound on the left, early
reflections in the center and late reflections on the right.

Both Figures 4 and 5 illustrate the direct sound recorded by all the microphones, as
shown in a hyperbolic shape on the left of the screen. Based on the geometrical organization
of the microphones, channel 13 is the closest to the sound source and hence it represents
the first receiver recording the signal. As long as the other microphones are equidistant
from the source (located symmetrically with respect to the main axis crossing the sound
source, microphone 13 and the sample), the direct sound is recorded with a variable time
delay, slightly increasing towards the extreme microphones (i.e., channel 1 and 25).

The main characterization factor between the analysis undertaken for Room A and B
is the reflected signals. In particular, for Room A the early reflections result was confused
with that of the late reflections, while for Room B the early reflections are clearly identified
at the center of the screen, with different energy intensities. This phenomenon is mainly
due to the volume sizes of the rooms where the surveys have been performed: the small
dimensions of Room A create an overlap of the early and late reflections, causing the
windowing process as difficult to be carried out; in Room B the volume size was large
enough to make a distinction between all types of reflections, in line with the standard.
Section 5 shows and comments on how the results in Room A have been compromised by
the vertical walls, albeit minimally—an outcome that is considered successful for the tests
performed in Room B.

Following the standard requirements, time windowing is a necessary process un-
dertaken to select the early reflections related to each channel and discard the late or
reverberant sound coming at a second stage. The windowing operation was implemented
by using the software Adobe Audition 3.0. The plugin Aurora, suitable for all the versions
of Adobe Audition, has been utilized to convert the sound wave from a time domain to
a frequency domain through an FFT, in order to obtain all the sound levels at different
frequencies and, hence, to calculate the diffusion coefficient.

To estimate the values of the absorption (o) and scattering (s) coefficients, a numerical
model was required to compare the results. One of the assumptions applied to the model
consists of the theoretical behavior that the digital entities should assume, to be considered
ideal surfaces. This assumption is important to acquire an exhaustive comparison between
the model and the curves obtained experimentally.

The construction of the theoretical model follows the rules described by literature in
previous studies [19]. Given the sound levels at each band of frequency, as recorded by the
25 microphones, the absorption (c) and scattering (s) coefficients have been calculated by
assuming the following:
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The direct sound was calculated by following the theory of sound propagation in free
field conditions, as indicated in Equation (5);

L, = Ly — 10Log <4nr2) = Ly, — 20Log(r) — 11 [dB] ®)

The reflected soundwave in the specular zone is obtained by the contribution of the
specular reflected wave and the diffused reflected wave, as indicated in Equation (6);

Liiffsspec = Lo — 10Log< (S”””d> 1= “)S> +10n0g(L=028)y )

4mr? 27113 4m(r2 + r%)z

The reflected soundwave out of the specular zone is given by the contribution of the
diffuse energy only, as indicated in Equation (7).

Spanel 1—a)s
Lyiff+spec = Lw — 10L0g<< 4’2:; ) H) ”
1

2
27ry

For the equations above, clarifications on nomenclature are required, in particular:

r, is the distance between the sample and the central microphone;
7, is the distance between the sample and the sound source.

Spanel is the surface area of the sample, in square meters. Equations (5)—(7) describe

a theoretical model in function of « and s. This result allows for the construction of the
reference curves at each band of frequency, based on the theoretical model explained
above. Figure 6 shows the reference curve trend at 500 Hz based on the disposition of the
microphones around the test sample.

Sound Pressure Level [dB]

70

65
60
55

50

45

40
12345678 910111213141516171819202122232425
Microphone Number

Figure 6. Curve trend of the theoretical model at 500 Hz.

The values of a and s have been considered when their results, describing a curve

along all the 25 microphones, indicate little variations with respect to the theoretical model.
It should be noticed that the reference curve is different for each frequency band, becoming
narrower at high frequencies related to the noise levels centered on the microphones close
to the sound source. Making the theoretical model as a reference curve, it is possible also
to calculate the directional diffusion coefficient as one of the essential requirements of the
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standard ISO 17947-2: 2004. The procedure to obtain the directional diffusion coefficient
(dyg) is described in Formula (8).

102 1002
(zy108/10)" — 3 (104/10)
dg = . ®)
(n— 1) B (101:/10)

where 7 is the number of microphones.

5. Results and Discussion

The test samples have been measured with the methodology described above. The
following sections show the results relative to the diffusers tested inside Room A and
Room B.

5.1. Measurement Results Undertaken inside Room A—Semi-Anechoic Room Facility at the SCM
Group of Rimini

Diffusing panels made of two different materials (MDF and plywood) and reflecting
panels are illustrated in Figure 7. The measurements of diffusing panels were repeated for
different configurations, considering the panel in the horizontal and vertical orientation
with a reflecting panel as the back. The analysis was carried out to evaluate the acoustic
behavior and differences between diffusing panels made of MDF and plywood.

he

()

Figure 7. Diffusing panels made of MDF (a), plywood (b), and reflecting panel (c) tested inside the semi-anechoic chamber
in SCM company in Rimini (Room A).
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Sound Pressure Level [dB]

The graphs shown in Figure 8 represent the variation at the mid-frequencies range of
sound pressure levels measured for the four panel’s configurations. From the results, it is
possible to see that there is a slight difference between diffusing panels made of MDF and
plywood and between the vertical and horizontal orientations.
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Figure 8. Results for the four panel’s configurations tested inside Room A at mid-frequencies.

Figure 9 reports the matching between numerical and experimental data for the
Horizontal plywood and MDF panels. From the graphs, it is possible to note that the
reflected energy captured by the side microphones (microphone 1 and 25) is far more than
expected. Indeed, there is a slight difference between the sound pressure levels recorded
by the central microphones and the lateral ones. This is not due to the ability of the panel to
reflect a lot of lateral energy, but it might be caused by the small dimensions of Room A that
have influenced the measurements, causing reflections able to slant the results. Therefore,
we have verified that the semi-anechoic chamber in Rimini is not suitable for detecting the
diffusion measurements and ensuring the free field conditions.
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Figure 9. Matching between numerical and experimental data for the horizontal plywood and MDF panels inside Room A
at mid-frequencies.

5.2. Measurement Results Undertaken inside Room B—Reverberant Room Facility at the
University of Parma

Another set of measurements was performed inside Room B, a reverberant chamber
that represents one of the laboratory facilities at the University of Parma. From the results
in Section 5.1, the difference of the scattering coefficients between the QRD composed of
plywood and MDF is minimal; as such, the authors for this campaign preferred to test the
plywood QRD only, with and without the backing panel, in both horizontal and vertical
configurations. As anticipated in Table 1, this campaign also consists of measuring the
RIRs with the presence of the backing reflecting panel. This latest one has been introduced
as a totally reflecting surface, representing a reference for making any comparison with the
other configurations.

Figure 10 shows the plywood QRD that has been tested inside Room B, with and
without the backing reflecting panel.

184



Appl. Sci. 2021, 11, 10523

ration.

(b)
Figure 10. Plywood QRD tested in Room B, with (a) and without (b) the backing reflecting panel, in the horizontal configu-

The graphs in Figure 11 report the scattering coefficient obtained for each band of
frequency between 125 Hz and 8 kHz, and for the configurations of the plywood QRD
described above. These results were compared to those obtained by testing the reflecting
panel only. The results of the acoustical coefficients are obtained by considering the average
values of all the measuring points related to each microphone.

At 125 Hz, all the configurations are similar and comparable, with a broad diffusion
between channels 8 and 20. At the extremities, the peaks appear at channels 4 and 22,
having a symmetrical trend with respect to channel 13 that is placed at the center.

The graph relative to 250 Hz shows an increase in sound levels at channels 11 and 16,
with the best performance equal to 71 dB registered by measuring the plywood QRD with
the backing reflecting panel. Other peaks are found at channels 4 and 22, with comparable
sound levels recorded at 125 Hz. The downward peaks belong to channels 2, 7, 13, 19
and 24.

At 500 Hz, the sound level of channel 13, relative to the presence of the reflecting panel
only, reaches 76 dB, equal to 5 dB above the plywood QRD in the horizontal configuration
and with the backing reflecting panel. Other peaks are revealed at channels 9 and 17 with
minor energy floating between 65 and 70 dB for all the configurations. The downward
peaks recorded at 250 Hz, are herein increased up to 15 dB at the same channels.

The graph relative to 1 kHz shows a flatter trend of the results across all the micro-
phones, with the elimination of the fluctuations registered at side channels. In particular,
since the performance of the horizontal configuration with the backing reflecting panel
resulted, in the best case, between 125 and 500 Hz, in this frequency band the vertical
configuration with the backing reflecting panel gives higher sound levels, especially at
channels 8 and 15, while at channel 13 the result is equal to the horizontal configuration
having the backing panel.

From 2 kHz onwards, the performance of the only reflecting panel is the best only
relative to channel 13, while it results lower than all the other configurations at the other
microphone positions. The best performance across all the channels is given by the vertical
configuration having the backing panel, especially at channel 13, but with small peaks
registered at channels 7 and 20, recording 76 dB at these two positions.

The results at 4 and 8 kHz are very similar in trend line and maximum scattering
sound energy, the only difference consists of the peaks registered at channels 7, 10, 12, 14,
16 and 18, resulting in the more accentuated at 8 kHz.

Other than the scattering coefficient, the directional diffusion coefficient has been
calculated by the results obtained inside Room B. Figure 12 shows the values of the
diffusion coefficient, correlated to the frequency range between 125 Hz and 8 kHz.
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Figure 11. Plywood QRD tested with and without the backing reflecting panel, in horizontal and vertical configurations.

Among all the test samples and relative configurations tested in Room B, the specimen
indicating the best performance of the diffusion coefficient is the plywood QRD in the
vertical configuration, without any reflecting panel behind. In particular, the results indicate
that the performance of d = 0.63 has been achieved at 1 and 2 kHz. The worst performance
is given at 250 Hz and 8 kHz, with values of 4 floating between 0.23 and 0.22, respectively.

A second diffusion performance has been achieved by the plywood QRD in the
horizontal configuration, without any reflecting panel behind. For this specific case, the
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highest value has been achieved with d = 0.55 at 1 kHz. A different trend line is obtained
for this sample because a downward pick has been recorded at 2 kHz with d = 0.34.

The trend line similar to the latest sample has been registered for the plywood QRD in
the vertical configuration, having the backing reflecting panel with slightly lower perfor-
mance. The specimen that follows a different trend line is the reflecting panel tested by
itself, having values around d = 0.10 from 1 kHz onwards.

Diffusion Coefficient - Lab at University of Parma
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Figure 12. Directional diffusion coefficient related to the samples tested inside Room B.

5.3. Considerations upon Measurements’ Results Undertaken inside Room A and B

By the results, as commented in Sections 5.1 and 5.2, it has been shown that the values
of the scattering coefficient, related to the measurements undertaken inside Room A, are
consistently high. This is due to the microphones that have recorded much more reflected
sound energy than what was expected. This phenomenon has been created by the small
distance between the microphones and the vertical walls of the room, whose reflected
energy has been overlapped with the sound energy scattered by the QRD. This statement
is confirmed by the concentration of sound energy in the corners of the room, related to
microphone positions 1 and 25.

In summary, the values registered by the tests performed inside Room A should not
be subject to consideration, because they were impacted by extraneous factors not related
to the samples.

The results obtained by testing the panels inside Room B are considered valid because
the samples were tested in an appropriate environment in accordance with the guidelines.
The differences between the measurements undertaken in Room A and B are shown by
the graphs in Figure 13, related to the same sample (i.e., plywood QRD in the horizontal
configuration, without any backing reflecting panel).
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Figure 13. Comparison of the scattering coefficient based on measurements undertaken inside Room A and B.

Figure 13 shows that the scattering coefficients in Room A have comparable levels at
500 Hz across all the microphones, with downward peaks up to 10 dB, related to channel 4
and 22. Results obtained in Room B indicate a noticeable difference of up to 15 dB between
the central channels (8 to 19) and the laterals, approximating the reference curve of the
theoretical model introduced in Section 6. A similar trend has been found in the graph
related to 2 kHz, where the central channels of Room B revealed higher sound energy than
that tested in Room A, while the values obtained at the lateral channels (i.e., 1 to 7, and 19
to 25) are very comparable.

Curves indicated in the graph related to 1 kHz accentuate the difference between the
results obtained in Room A and B, including the lateral channels for a level difference
comprised between 10 and 15 dB.

The graph in Figure 14 reports the comparison among the Horizontal Plywood Panel
with back, tested in Room A and Room B. The light blue line reports the values of the
reflecting panel (alone), whilst the dotted line reports the scattering coefficient values of
the Horizontal Plywood Panel without reflecting panel tested in Room B. From the graph,
the Horizontal Plywood Panel—Room B scattering coefficient (dotted line) resulted higher
than 0.4 for all the frequencies, except for 250 and 125 Hz, while for the other frequencies
the scattering coefficient increases with increasing frequency. The values obtained for the
Horizontal Plywood Panel with back—Room A gave inconsistent results due to the size of
Room A.
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Figure 14. Comparison of the scattering coefficient based on measurements undertaken inside Room
A and B (“Coeff. Scattering Horizontal Plywood Panel-Room B” = “Horizontal plywood panel with
back-room B”—“Refecting panel”).

6. Conclusions

Measurements were undertaken on the popular QRD in two specific configurations:
horizontal and vertical disposition of the wells, placed with a rigidly backed smooth panel.
Following part 2 of the reference standard (ISO 17497), the measurements consisted of plac-
ing the samples at the center of a virtual concentric arch of evenly spaced 25 microphones.
The microphones’ positions ranged from 6 = 0° to § = 90° with a spacing of 7.5° between
each other and along a semicircle. This configuration has been employed in two rooms
of different volume sizes and characteristics of wall finishes: a semi-anechoic chamber
available at SCM Group in Rimini (Room A) and a reverberant laboratory available at the
University of Parma (Room B).

Other than the physical features of the two testing rooms, the measurements differed
in the radius dimension of the virtual semicircle, where the samples were placed at the
center: r = 4 m for Room A, r = 5 m for Room B. The choice of testing inside a semi-
anechoic chamber, although considered too narrow for carrying this type of test, fell by
keeping unwanted acoustical contributions from the vertical walls, while the concern of
the floor reflections was solved by disposing of microphones on the floor. Although very
minimal, the contribution of extraneous reflections inside Room A compromised the results
of the scattered sound from the panels, which should be discarded because they cannot
be compared with the affordable values obtained in Room B. This outcome would be
considered a challenge when trying to undertake a data analysis where the conditions are
not favorable. On this basis, the best solution was to discard the results not in line with the
procedure, as outlined by the standard requirements.

The results of panels tested inside Room B instead were compared with the reference
curves of a theoretical model based on the theory of sound propagation in free field
conditions, and data analysis consisted of a polar distribution of the scattered field through
the use of the Fast Fourier Transform (FFT). A final calculation related to the diffusion
coefficients of the selected panels in the specific configurations has been carried out for the
frequency range comprised between 125 Hz and 8 kHz.

This paper would like to highlight the attention given to the correct procedure outlined
by the regulations to be followed for a successful data output, which, instead, would be
compromised by extraneous factors that should not be in place.
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The authors wish to make the following corrections to the published paper [1]. They
should be as follows:

Change in main body paragraphs
There are three mistakes in this article [1]:

1. Page9, in the Table 1 heading, the unit of “Pore Size, §(i>, mm” will be corrected to
“Pore Size, §(i), pm”.

2. Page?9, in the sixth line of the fifth paragraph in Section 4.2. Acoustical Properties, the
unit of “99.4 to 20.5 mm” will be corrected to “99.4 to 20.5 um”.

3. Page 10, in the 11th line of the 2nd paragraph in Section 5. Conclusions, the unit of
“mm” will be corrected to “um”.

Change in Tables

The authors wish to make the following correction to this paper [1] due to an error in
Table 1 headings. It should be as follows:

Table 1. Values of the non-acoustical parameters inverted from fitting the model [28] to the measured
complex reflection coefficient data for the five types of fiberglass blankets.

F1111'n J Ijayer Pore Size, . ) Ste.mcvlardv Calculated RMS
Ratio, Thickness, s um Porosity, ¢ Deviation in Porosit Error,
% d, mm ds Pore Size, tr;’) Y. ¢ %

0 8.12 £0.77 99.4 +4.15 0.994 + 0.0098 0 0.965 + 0.0041 14
25 9.33 £ 1.60 48.0 £20.2 0.938 + 0.018 0.160 + 0.213 0.960 =+ 0.0044 17
50 9.26 + 0.47 32.8 £2.00 0.929 + 0.011 0 0.952 + 0.0026 1.8
75 10.35 + 0.85 20.5 +1.35 0.959 + 0.032 0 0.951 + 0.0036 3.6
100 9.34 +0.84 83.0 +£2.04 0.505 + 0.091 0.55 +0.015 0.94 + 0.0067 2.5

These were inadvertent errors; we apologize for any inconvenience caused to the
readers and authors by this change. The changes do not affect the scientific results.
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